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Abstract

Railway transportation has become a popular means for passenger travel and goods delivery.
Wheel-rail contact forces are important parameters in rolling stock, which determine the
running safety and stability. Therefore, it is significant to take measures to measure them. The
conventional approach is to employ strain gauges with wired connection to measure these forces
which has strict requirements for the installation of strain gauges and signal transmission.
Exploring wireless measurement methods is beneficial to replace the traditional way to lower
the measurement complexity. Although methods such as gap sensors and digital image
correlation (DIC) have been investigated, there remains a need to explore new approaches that
are low-cost, wireless, and capable of multi-parameter measurement to extend the range of

alternative techniques for wheel-rail contact force measurement.

This thesis aims to investigate inductor-capacitor (LC) resonance-based sensing for wireless
force measurement (WFM), which ultimately contribute to advancements in wheel-rail contact

force measurement (WRCFM). The contributions of this work are summarized as follows:

The first study is to investigate WFM using a rectangular LC resonance sensor and the
LDC1614-based resonant frequency measurement system. The comparison with a strain gauge
and aspect ratio of the inductance coil were studied. The results revealed that the rectangular
LC resonance sensor realized the wireless force measurement with good repeatability and linear
relationship between the resonant frequency (fr.s) and the loaded force, and a smaller aspect

ratio caused greater directivity to enlarge the response range.

The second work addresses the overlap challenge of the lift-off and force in sensor output,
which can lead to misinterpretation, an orthogonal LC resonance sensor was designed alongside
a multi-parameter measurement system based on the LDC1101-ESP32S3 that provided two
resonant frequencies and two equivalent parallel resistances (Rp). By analysing their
independence in response to lift-off and force changes, an 8-node coordinate transformation
algorithm was proposed to effectively separate the lift-off and force. Validation results showed
that the maximum relative error of 22.61% for forces and 1.66% for lift-offs, confirming the

accuracy and robustness of the proposed system.

The third investigation involves the enhancement in lift-off and sensitivity in WFM by
integrating semiconductor strain gauge (SSG), magnetic resonance coupling (MRC), and an
LDC1101-ESP32S3 based measurement system. By investigating parallel-parallel (PP) and
series-parallel (SP) topologies under various lift-offs and SSGs, the approach achieved a
sensitivity 5.5 Q/kN at a lift-off of 33 mm for the PP topology with a 350 Q SSG and
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demonstrated stable sensitivity near the critical coupling region. These advancements enable
WFM with improved robustness and extend the operational range to lift-offs of tens of

millimetres.

The fourth research applies advancements from the third work to a rotating testing platform,
focusing on signal stability against electromagnetic interference (EMI) and temperature
fluctuations, as well as signal readout and analysis of signal characteristics. A differential LC
resonator configuration combined with Kalman filter (KF) and moving average algorithm
(MAA) significantly reduced the impact of temperature changes and EMI noise. According to
the enhancement in hardware and software, a rotating testing platform was established to
perform the signal readout and characteristic analysis at various lift-offs and Ry (the simulated
change in SSG). Results demonstrated that the changes in lift-off affected both AR, (the
difference between the measured R, and the reference R,) and Afy.s (the difference between the
measured f.; and the reference f.s) while Ry, primarily altered AR,, demonstrating a
proportional relation between the negative peak of R,.- and AR, with Afys remaining stable.
These findings highlight the potential of Af.s to measure lift-off and compensate for shifts in

ARy, enabling improved performance in dynamic scenario.

The research achievements for WFM presented in this thesis provide alternative approaches for
WRCFM, offering the advantages of low cost, wireless sensing, and high sensitivity. Future
work will conduct the actual testing in a wheel-rail system. The installation positions of LC
resonators and the measurement system will be optimized according to stress distributions on
the wheel, identifying the most susceptible areas. The sensing structure of LC resonators will
be further developed into a double-D configuration to achieve uniform and concentrated eddy
currents, enhancing sensing capability in terms of directivity and resolution. Additionally, the
system will be integrated with an internet of things (IoT) platform and artificial intelligence to

enable real-time feature extraction, data visualization, and monitoring of wheel-rail forces.
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Chapter 1. Introduction

In this chapter, the research background on wheel-rail contact force, the existing measurement
method, and inductor-capacitor (LC) resonance sensing are presented. The motivations, aim
and objectives, methodology, and thesis layout are described. Finally, a summary of this chapter

is provided.

1.1 Research Background

Rolling stock plays an important role in high-speed railway vehicles. Due to the long-term
operation of railway vehicles, some key components of rolling stock such as gearbox, primary
steel coil spring, welded bogie frame and clip of rail fastener may suffer from internal and
external excitation and thus fatigue damages occur, which may pose a major threat to the
running safety and ride comfort [1]. Thus, it is necessary to inspect or monitor those significant
components in rolling stock. The development of non-destructive testing & evaluation
(NDT&E) and structural health monitoring (SHM) technology enables offline inspection and

on-board monitoring [2-9].

Wheel-rail contact forces, generated by the interaction between wheels and rails during railway
vehicle operation, represent the dynamic performance of rolling stock in railway systems and
serve as indicators of travelling safety, stability, and ride comfort. Their respective components,
lateral forces (Y) and vertical forces (Q), are used to calculate the derailment coefficient (Y/Q)
[10]. Therefore, it is crucial to implement measures for accurately measuring wheel-rail contact
forces. Presently, strain gauges are the primary approach used for measuring these forces due
to advantages of high sensitivity and accuracy, low cost, and a wide variety of forms, such as
linear and rosette strain gauges for multi-directional force measurement [10-15]. The
measurement procedure involves properly sticking strain gauges to the surface of wheel webs
or axles, close to the wheel rims and wheel hubs. This method requires a specially designed
wheelset, including drilling holes in the wheel webs to install strain gauges. However, drilling
holes may cause the structure damage of wheels, affecting the structural health and integrity.
More importantly, the approach relies on wired connection, and signal transmission through
telemetry is both complicated and costly. These stringent requirements significantly limit the
widespread adoption of this method in real railway vehicles. Although techniques such as gap
sensors and the DIC method for wireless measurement have been explored [16, 17] , there
remains a need for a non-destructive, wireless, low-cost, and multi-parameter approach to

wheel-rail contact force measurement (WRCFM).



Thus, to address the challenges mentioned above, this thesis investigates wireless force
measurement (WFM) approaches, ultimately contributing to WRCFM. The research focuses on
designing inductor-capacitor (LC) resonance sensors, developing inductance-to-digital
converters (LDC)-based measurement systems, separating lift-off and force using isoparametric
quadrilateral transformation, and enhancing lift-off and sensitivity through magnetic resonance

coupling (MRC).

1.2 Research Motivation

The research work in this paper is part of the International Collaboration and Exchange Project
of NSFC between UK and China: Intelligent Sensing and Monitoring of Running Gears (Grant
number: 61960206010). This project aims to design and develop a comprehensive sensing and
monitoring system of running gears for high-speed railway. It will focus on cross-discipline
research of vehicle dynamics, failure mechanism, sensors, monitoring systems, data
management, and decision making. In addition to design and development of geometry optical
inspection, active and passive RFID sensors and Barkhausen noise stress detection, wireless
acoustic and vibrational sensor network for compressed sensing. Specifically, vehicle dynamics
and failure mechanism based multiple modality sensors and monitoring integration, data
capturing, and fusion, condition-based maintenance and safety management platform will be
developed and evaluated via different case studies. It will be compared with rail track high-
speed inspection for high-speed railway running gears inspection, monitoring, and safety

management.

This thesis has identified the problems of the current approaches for WRCFM and developed
new potential solutions. Although the existing methods can achieve WRCFM, they face
challenges from sensor installation, signal transmission, expense of measurement system, and
signal processing. WFM brings the benefits of easy installation, no contact, and simplicity of
the measurement system. Unfortunately, there is no mature method measuring wheel-rail force
wirelessly. Eddy current testing (ECT) is a potential solution for WFM because of its non-
destructive, non-contact, fast, and low-cost characteristics, and some researchers have made
progress using ECT for non-contact measurement. It measures the force based on the change of
equivalent inductance due to piezoresistive or inverse magneto-resistive effects. However, ECT
has low sensitivity and the distance between the ECT sensor and specimen is very low. LC
resonance sensor differs from eddy current sensors which only contain a coil. It has an extra
capacitor that forms an LC resonator, causing the improvement in sensitivity owing to the sharp
variation in impedance curves. The utilization of LC resonance sensors on WFM contribute to

enhancement in measurement sensitivity compared with other non-contact methods.
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1.3 Aim and Objectives

The work in this thesis aims to design, develop, and investigate novel LC resonance sensors
and integrated LDC-based measurement systems for WFM, coping with the challenges
appearing in state-of-the-art technology, such as wiring connection of strain gauges,
complicated image processing of DIC technology. The developed WFM approach will be used
in future WRCFM in practical railway industry. Figure 1.1 shows the research outline of
WRCFM based on LC resonance sensing, which mainly replies on the change in material
properties and geometric dimension. The objectives of the work are summarised as the

subsequent statements:

Wheel-rail contact force measurement based on LC
resonance sensing
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Figure 1.1 Research outline of WRCFM using LC resonance sensing

1. To investigate the measurement principle and signal characteristics of LC resonance
sensing for WFM by analysing the mechanism of wheel-rail contact force, studying
changes in material properties and geometric dimensions, and simplifying the wheel-
rail model.

2. To design LC resonance sensors based on wheel-rail force analysis by determining the
sensing direction, inductor coil size, and capacitor value; to develop an LDC1614-based
system for resonant frequency measurement system; and to investigate the application
of the designed LC resonance sensors and LDC-based systems in the wheel specimen

loading tests using the universal testing machines in the laboratory.



3. To investigate the separation of forces and lift-offs by designing an orthogonal LC
resonance sensor, developing a multi-parameter measurement system based on the
LDC1101, and proposing 8-node isoparametric coordinate transformation algorithms.

4. To study MRC-LDC-based impedance sensing approach for WFM using semiconductor
strain gauges (SSG), and series-parallel (SP) and parallel-parallel (PP) topologies,
aiming to extend lift-off capabilities and enhance sensitivity.

5. To research the stability of LC resonance sensor outputs under temperature fluctuations
by employing differential configurations and software processing algorithms, and to

investigate signal readout and signal feature extraction through rotating platform tests.

1.4 Research Methodology

To achieve the aim and objectives outlined above, the work adopts a compressive strategy
encompassing the analysis of wheel-rail force, the design of LC resonance sensors, the
development of an LDC1614-based system for resonant frequency measurement, the
establishment of experimental testing platforms, signal processing, the design of orthogonal LC
resonance sensors, the development of a multi-parameter measurement system based on the
LDC1101-ESP32S3, separation algorithms of forces and lift-offs, an MRC-LDC based
impedance sensing system for extending lift-off and enhancing sensitivity, a data acquisition

platform, and a rotating testing platform.

LC resonance sensor design involves the consideration of ranges in resonant frequency and
parallel equivalent impedance, dimension of LC resonance sensors, number of inductor coil
turns, spacing between coil traces, rotating direction of coil tracks, number of layers, types of
inductors and capacitors, package of capacitors, substrate materials, maximum current ratings,
and fabrication technique. After determining these parameters, inductor coils and capacitor pads
can be designed using Altium Designer, a professional electronic design automation (EDA)
software, to create the printed circuit board (PCB) routing and layout. LC resonance sensors
are then fabricated on a substrate, such as FR4, with the specified coil structure and capacitor.
An impedance analyser Bode 100 is used to measure parameters of the fabricated LC resonance
sensors, including its resonant frequency, quality factor, impedance, equivalent parallel
resistance. To tune the resonant frequency, the inductance of the inductor coil can be firstly

measured, and then different parallel capacitors are selected.

The measurement system is crucial for sensor’s operation, stability, accuracy, and anti-
electromagnetic interference (EMI) capability. The LD1614-based measurement system, which

measures only resonant frequency, consists of an LDC1614 chip that integrates both excitation



and integration modules, an MSP430 MCU for controlling, writing and reading the registers of
LDC1614 via the [2C communication protocol, and a LabView-based graphic user interface

(GUI) for data visualisation and logging through serial communication.

The experimental platform determines how the test conducts and what specimen is tailored to
use. In the laboratory stage, a SHIMADZU Autograph AGS-100kNX tensile testing machine
and Instron 3369 are used for loading specimens. Due to the requirement of testing grips, dog-
bone specimens made of carbon steel C50, which possesses similar mechanical properties as
wheel materials, are designed. During experimental tests, an LC resonance sensor connected to
the LDC1614-based system measures the specimen which is loaded by the testing machine. The
output of LC resonance sensor-resonant frequency, and the actual loading force on the specimen
are imported to MATLAB to perform feature extraction and curve fitting. Thus, the relationship

between resonant frequency and force is determined.

The design of orthogonal LC resonance sensors aims to provide multiple parameters which
facilitate separation of forces and lift-offs. It uses the similar approach as the previous LC
resonance sensor while it has 8 layers with an orthogonal configuration of two LC resonance
sensors, increasing sensitivity in unidirectional force measurement and offering lift-off
information as well. A 2-channel LDC1101- ESP32S3 based system is specially designed,
offering 4 parameters measurement, two resonant frequencies, and two equivalent parallel
resistances. A MATLAB-based GUI is devised to meet the requirement of visualizing these 4
parameters in one interface. The separation algorithm of forces and lift-offs considers the output
characteristics and combinations of the two LC resonance sensors. An 8-node iso-parametric
coordinate transformation algorithm is proposed based on two the independence of the selected
characteristics. The algorithm processes the four outputs of the orthogonal LC resonance sensor

in MATLAB.

MRC-LDC based impedance sensing is able to enlarge the operational range of lift-offs while
maintaining the desired sensitivity. This method utilizes two LC resonators, one SSG, a
LDC1101-ESP32S3 based system. A SSG installed on the specimen is connected to an LC
resonator, denoted as Rx, while another LC resonator connected to the measurement system,
denoted Tx, is used to interact with Rx via magnetic coupling. Any change in SSG resistance
incurred by force changes impedance in Rx. This change is magnetically coupled to Tx,
represented by reflected impedance, varying the equivalent impedance in Tx which is then
measured by the measurement system. There are two topologies for this approach with one
referring to SP while the other PP. The influence of topologies on the measurement performance

of WFM is simulated via LT-Spice and experimental study.



Rotating testing platform is important to study the signal response between Rx and Tx when
the lift-off and SSG varies, offering guide in the future WRCFM. One metallic circular plate is
machined and then installed on a motor which drives the plate to spin, simulating running status

of wheels.

1.5 Thesis Layout
The layout of this thesis is outlined as follows:

Chapter 1 describes the introduction of the thesis structure, including research background of
WRCFM, existing advantages and disadvantages of using strain gauges and other techniques,
research motivation based on the identified challenges of using LC resonance sensing for WFM

and MRC-LDC based impedance sensing, aim and objectives, and applied methodology.

Chapter 2 presents literature review for state-of-the-art technique in WRCFM. It includes strain
gauges, digital image correlation (DIC), RFID-based force sensor, eddy current testing for
WFM, LC resonance sensing, wireless power transfer (WPT)-based force detection, and
digitalisation and miniaturization of measurement systems. Their principle, measurement

system, signal features, and applications are detailed as well.

Chapter 3 explores the conceptual study of using an LC resonance sensor for WFM. It covers
the design of the LC resonance sensor, experimental set-up including the specimen preparation,
LDC1614-based measurement system, SHIMADZU testing platform, performance tests on the

lift-off and aspect ratios of the inductor coil, and results analysis.

Chapter 4 addresses the separation problem of lift-off and force in a LC resonance sensing
system for WFM. An orthogonal LC resonance sensor was designed to produce multiple
parameters which potentially cover independent characteristics for lift-off and force. A 2-
channel LDC1101-ESP32S3 measurement system and MATLAB-based GUI were developed
for multiple-parameter measurement, data visualisation and collection. Besides, an 8-node iso-
parametric coordinate transformation algorithm was proposed to separate force and lift-off

according to their independent features.

Chapter 5 proposes a novel MRC-LDC based impedance sensing approach for WFM. This new
method inherits the previous measurement system but introduces MRC with a SSG and an
additional LC resonator, aiming to enhancement in lift-off while maintain the sensitivity. Both
simulation and experimental studies were conducted to investigate SP/PP topologies, lift-offs,

and SSGs for the influence of WFM.



Chapter 6 carries out stability research of the MRC-based impedance sensing over temperature
fluctuation through differential configurations and software filtering processing, and rotary test

for signal response analysis and feature extraction.

Chapter 7 concludes the overall progress of the research, main contributions in WFM field,
limitations of the research, and application exploration using the proposed methods. In addition,
future work directs potential challenges in practical applications and underlying solutions, such

as combination of artificial intelligence and the proposed physics system.

1.6 Chapter Summary

This chapter mainly describes the overall structure of the thesis. Starting from the background
of WRCFM and the limitations of the existing technique, the proposed solution is introduced,
followed by research motivation, and aim and objectives. The research methodology involving
LC resonance sensor design, establishment of measurement systems and experimental platform,

signal processing and analysis. In the end, the layout of the these is listed with 7 chapters.

The next chapter focuses on a detailed literature review regarding mechanism of wheel-rail
contact force, WRCFM methods, RFID-based sensors for WFM, ECT sensors for WEM, LC
resonance sensing and MRC for WFM, and the development of digitalisation and

miniaturization of measurement systems.



Chapter 2. Literature Review

This chapter reviews the mechanism of wheel-rail contact forces (WRCF) and the state-of-the-
art progress in wheel-rail contact forces measurement (WRCFM), including techniques such as
strain gauges, digital image correlation, and gap sensors. It also examines advancements in
WFM using RFID-based sensors, magnetic Barkhausen noise, eddy current testing, LC
resonance sensing, wireless power transfer-based sensing, as well as the development of
digitalisation and miniaturization of measurement systems. Challenges and problems are then

identified based on this review.

2.1 Mechanism of Wheel-rail Contact Forces

Railway transportation has become one of the most popular modes of travel in many countries
around the world due to its convenience and comfortability. With the tendency of railway
systems towards high speed, high density, heavy load [18], running safety and smoothness of
railway vehicles are of paramount significance since they are related to passengers lives and
economic development [9]. WRCEF, mainly including vertical Q and lateral forces Y [10], as
shown in Figure 2.1, are generated during the process of running due to the interaction between
the wheel and rail. The vertical force arises from the weight of railway vehicles, which is
affected by wheel out-of-round, wheel’s load, rail corrugation, and rail joints [18]. The lateral
force occurs on account of the friction between the wheel and rail in the horizontal plane. It is
influenced by wheel rail creep, hunting motion and curve passing. The ratio of the lateral force
to the vertical force (Y/Q) decides the derailment coefficient [19]. In a word, WRCF represent
the dynamic behaviour of running vehicles and determine derailment, riding quality, wheel
tread wear, and rail conditions. Therefore, there is a need to measure WRCF in real-time to

evaluate dynamic performance relative to traveling safety and ride comfort of railway vehicles.
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Figure 2.1 The wheel-rail contact of railway vehicles (left) [20] and wheel-rail force
distribution (right) [21]
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2.2 Review of Wheel-rail Contact Forces Measurement Techniques

The review in this section describes several common methods for WRCFM, which contains
strain gauges, gap sensors, and digital image correlation. As the most established method for
WRCFM, strain gauges have been paid much attention, ranging from installation positions and
placement methods to signal decoupling algorithms. Gap sensors are non-contact devices
commonly used for measuring lateral forces by detecting variations in the gap between the
wheel and the sensor. Digital image correlation, another non-contact method, relies on
monitoring fixed-point strain on the surface of wheel webs. Despite their non-contact nature,

these methods are not as popularized as strain gauges.
2.2.1 Strain Gauges

Strain gauges (SGs) have been broadly used in WRCFM due to their high sensitivity to tiny
changes in geometric size and low cost [10, 18, 22, 23]. The continuous WRCFM s called
instrumented wheelset in which it is a wheelset of the vehicle under tests with some SGs and
transducers [10]. SGs are glued onto the wheel web or axle to detect the elastic strain on these
components to derive practical WRCF through an appropriate calibration procedure. H
Kanehara et al. analysed surface strain distribution on wheel disks and determined the
installation points of SGs. As shown in Figure 2.2, lateral force was measured by gluing strain
gauges on wheel webs while vertical loading was detected by attaching strain gauges inside the
holes [24]. Wheatstone bridges in Figure 2.3 are used for strain signal conditioning as it converts
tiny resistance variations into measurable voltages, enhancing sensitivity and precise detection
while cancelling noise such as temperature drift. In addition to installing SGs on wheel webs,
some authors attempted to mount SGs on the axle [25]. Figure 2.4 shows SGs wiring for axle-
based methods. The signals are affected by the rotation of the axle, resulting in signals that are

amplitude modulated with a purely sinusoidal disturbance in phase with the axle rotation [10].
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Figure 2.2 Typical location of SGs for WRCFM (left), strains in the web affected by Q and Y
forces (right) [24]
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Figure 2.3 Locations of SGs and the bridge for WRCFM [24]
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Figure 2.4 SGs wiring for axle-based methods [25]

The installation strategies of SGs play an important role in reduction of WRCFM errors [26].
In Figure 2.5, there are three strategies with different merits and drawbacks. For Figure 2.5(a),
multiple SGs are installed at different angular positions. Their sum tends towards the continuous
component of strain as the angular position changes [26]. However, this strategy reduces the
maximum sensitivity; the output signal always comes with ripples. Figure 2.5(b) shows only a
SG is used, which conducts the measurement when the SG passes though the contact point
between the wheel and rail. This strategy eliminates the influence of singular position of the
wheel but lowers the bandwidth. Figure 2.5(c) presents two SGs with a phase difference of 90°.
These two strains are multiplied by two in-phase sinusoidal signals respectively, and the results
are summed to obtain a demodulated strain. This strategy also comes with ripple interferences.
Cai et al. studied the stress and strain distribution on the wheel under vertical and lateral forces
to seek optimal positions for SG installation [2]. The criteria were to find an area where the
stress or strain was only sensitive to either vertical or lateral forces. Figure 2.6 presents the
stress distribution map on the surface of wheel. It indicates that both lateral and vertical forces

exhibited minimal coupling interference at certain areas. V. R. Bagheri et al. developed a new
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arrangement of SGs in the Wheatstone bridge and the wheel web to get elimination of undesired
harmonics due to rotation of the wheelset and mean square error (MSE)-based algorithm for

selection of optimal ration SG position [12].
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Figure 2.5 Various strategies for the angular positioning of SG [25]
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Figure 2.6 Mises stress distribution map on the wheel surface [9]

SGs are mounted on a rotating wheelset while the data acquisition system remains stationary,
transmitting data between them poses significant challenges. Therefore, a radio telemetry
system or slip ring is necessary to ensure continuous data transmission across the rotating

interface, which cannot be achieved through fixed wiring due to the constant motion. SGs are
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connected to Wheatstone bridges and then to a radio telemetry system. A telemetry system in
Figure 2.7 (top) consists of a rotating antenna, a static antenna, telemetric conditioners with
analog outputs, analog to digital converters (ADC), and a computer [15]. The static antenna is
fixed on bogie, shown in Figure 2.7 (down) and the rotating antenna is mounted on the axle
which follows the rotation of the wheel. The static antenna receives the modulated strain signals

from the rotating antenna for demodulation and post-processing.
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Figure 2.7 The wheelset instrumented with telemetry system (top) under preparation (left) and
then on BU300 test rig (right) [15]

SGs on WRCFM have attracted much attention so far due to its advantages of high sensitivity,
ease of installation, and low cost. Many scholars have dived this field into a very deep level.
However, as a coin has two sides, SGs are a contact measurement approach which requires
wiring-connection. It is required that a special processing is implemented for an instrumented
wheelset such as drilling holes. The instrumented wheelset lacks sufficient resistance against
heat attack by braking [27]. Moreover, signal transmission from a rolling wheelset to the fixed
bogie frame is challenging [27]. Telemetry systems have to be used, which are very complicate
and delicate electronic devices, and they involve radio frequency signal processing which is

susceptible to the environmental and electromagnetic interferences.
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2.2.2 Digital Image Correlation

Digital image correlation (DIC) is a non-contact visual method to measure surface deformations,
displacements, and strains in materials and structures. The principle of measuring surface strain
is implemented by recording the images of the surface before and after deformation [28]. A DIC
system comprises a high-resolution camera, light source, computer, and lenses and filters. The
recorded and digitized images are stored in computer for further image processing. The images
are compared to detect displacements by searching a matched subset from one image to another.
The subset consists of multiple pixel points, which has a unique light intensity distribution. It
is assumed that this intensity distribution will not change in the progress of deformation. The
displacement is determined by searching the area on the image after deformation which has the
same light intensity distribution as the image before deformation. Wang et al. applied DIC
technology on WRCRM based on space fixed points of the wheel web; the DIC set-up for
measuring stress is shown in Figure 2.8; two stress concentration points were selected as the
fixed points position, corresponding to the lateral and vertical loads in Figure 2.9 respectively
[17].
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Figure 2.9 Stress concentration distribution for lateral and vertical force loads [17]
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It is noted that DIC offers a new insight into WRCFM because of its merits, such as non-contact
measurement, full-field data, and high resolution and flexibility. However, it faces challenges
from line-of-sight requirement, surface preapration, dependence on spekle patern quality,
environmental sensitivity such as vibration and dust, and computation capability of processing

large data volumes. Applying this technique to actual WRCFM still has a long way to go.
2.2.3 Gap Sensors

Lateral forces can lead to bending deflection of the wheel [29]. On the basis of this point,
researchers have developed new approaches with gap sensors to realize the measurement of
lateral forces [27, 29-31]. Gap sensors are non-contact and able to measure tiny displacements
or deformation caused by WRCFM, offering benefits of minimal mechanical installation, and
real-time monitoring. In Figure 2.10, a non-contact inductive gap sensor is placed close to the
outer edge of the wheel web through a sensor base installed on the bearing box to continuously
monitor lateral forces [29, 30]. There is another gap sensor close to the boss, which is used for
compensation of wheelset movement [29]. P. Urda et al. adopted high-precision lasers to
measure the lateral wheel-web deflection, as shown in Figure 2.11 [31]. These methods avoid
using slip rings or telemetry in signal transmission. However, the limitations of applying gap
sensors include indirect force measurement rather than direct force measurement, limited
spatial information, and difficulty of calibration.

2 Bearing box 6.Non-contact gap sensor

~- 5.Non-contact
gap sensor

1.Bearing

7.Sensor base 4b.Web
3.Non-contact ™~ 4aRim
gap sensor

4 Wheel

Figure 2.10 Layout of gaps sensors for measuring lateral force [27]
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Figure 2.11 Installation of lasers for lateral force measurement [31]

2.3 Review of WFM using Electromagnetic NDT Techniques

Since the aim of this thesis is to develop new wireless measurement approaches for the ultimate
goal of WRCFM, the concentration is focused on the development and validation of conceptual

ideas. Thus, the problems are simplified from WRCFM to WFM.

Electromagnetic NDT technique offers many potential solutions for WFM, including RFID-
based sensors for strain detection, magnetic Barkhausen noise, eddy current testing, LC
resonance sensing, and wireless power transfer. These techniques are introduced in terms of the
principle, system, and application. Table 2.1 shows a comparison table of these electromagnetic
NDT techniques for WFM in terms of principle, measurement parameter, merits, and limitations.
Besides, due to the development of measurement systems towards miniaturisation,

digitalisation, low cost, and portability, several chip-based systems are reviewed.

Table 2.1 Comparison of electromagnetic NDT techniques for WFM

Method Principle Parameter Merits Limitations
A passive RFID resonator
(antenna and tuned circuit) Wireless/passive; low  Short read range (cm—m);
. Back-scattered . .
RFID-tag whose mechanical cost; compact design; sensitive to

signal: resonant

. electromagnetic noise;
frequency shift g ’

limited sensitivity

can be embedded into
structures

deformation under load
shifts its resonance or
impedance

based sensor

A ferromagnetic specimen

under stress, when

Barkhausen noise

Highly sensitive to

Requires magnetizing

Magnetic . R . local stress/strain in ~ coils and sensitive pickup;
magnetized, emits discrete amplitude or . N
Barkhausen : . ferromagnets; detect strongly surface-limited
. noise bursts (domain-wall energy spectral . .
noise . . . microstructural (um scale); complicated
jumps). The noise level density chanees sional processin
correlates with stress. & gnatp &
Eddy current An ?ufrzt?tli ;I;d;::;sbeddy Change in coil rsjc())lnu- t(i:glrll-taf(;ts, thfe;:l Penetration limited by
testing Y impedance > skin depth (um-mm); lift-

conductive material;
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stress-induced changes in (magnitude & surface and off influence; only works
conductivity/permeability phase shift) near-surface on conductive materials
alter the coil’s impedance sensitivity

A passive LC circuit whose

. . . Wireless/passive; high
capacitance or inductance is

S Short range, tens of cm;
sensitivity to

LC resonance

. mechanically modulated by Rpeq, fres L7 temperature/humidity
sensing o deformation; simple .
force, shifting its resonant . sensitive
) design
frequency and amplitude
. Received power
. Two coupled coils transfer ] o .
Wireless . . level; shift in Simultaneously power . .
power magnetically; applied . Lift-off influence;
power . transfer-function and sense; longer . o
force alters a tuning efficiency sensitive to
transfer-based . resonance and range than purely . .
. element, which changes . . alignment and distance;
sensing impedance passive tags

reflected impedance amplitude

2.3.1 RFID Tag-based Sensor for Stress Detection

Radio frequency identification (RFID) is a wireless technology based on electromagnetic fields
and waves, which has been extensively implemented in industrial Internet of Things (IoT)
applications for identification, positioning and sensing, such as manufacturing lines, supply
chains, warehousing, mobile device navigation, structural health monitoring systems [32-36].
According to operating frequency ranges and energy transfer mechanisms, it can be divided
into near-field RFID which operates at low frequencies (kHz-MHz, such as 125-134kHz and
13.56MHz) and relies on electromagnetic coupling through inductive/magnetic fields, limiting
their effective range to short distances (~Im), and far-field RFID which utilizes high
frequencies (hundreds of MHz-GHz, such as ultra-high frequency (UHF) at 860-960MHz and
ultra-wideband (UWB) RFID at 2.45-5.8GHz) and depends on electromagnetic radiation
(propagating radio waves), enabling extended communication ranges (tens of meters) suited for
large-scale tracking like inventory management or toll collection, albeit with higher power

requirements and reduced signal penetration capabilities compared to near-field systems [37].
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Figure 2.12 Communication mechanism of near-field RFID (upper) [37] and far-field RFID
(down) technology [36]

Figure 2.12 illustrates the communication mechanism of near-field (upper) and far-field RFID
(down). It consists of an RFID reader and a RFID tag. There are two types of RFID tags. One
is active and another passive. Active tags require a power source such as a battery or cable-
connected power, which cause the cost, size, and lifetime to be unrealistic in real applications.
Passive tags include chip-ed and chipless tags without requirement of power supply as tags are
powered by the energy transmitted from the reader. Most of research attention have been put
on passive tags with chips. For near-field RFID, a reader passing through an alternating current
produces a magnetic field. If a RFID tag is placed to close this magnetic field, an inductive
voltage will appear across the tag. This voltage is rectified and regulated to power up the tag
chip, which then sends data back to the reader using load modulation via near-field coupling
[37]. Another is far-field RFID which utilizes electromagnetic (EM) waves to communicate
between a reader and a RFID tag, as shown in Figure 2.12 (down). A RFID tag captures EM

waves generated by the reader over the space to power the tag chip, which then transmits the
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information stored in the tag back to the reader via backscattering [36]. This backscattering is
achieved by that the tag chip alters the reflection coefficient of the tag antenna through varying

its internal impedance, resulting in re-radiation of the reader’s signal [36].

Even through most of research interests are focused on the RFID tags in applications of tracking,
positioning, and identification, recently RFID tag-based sensing have been attracted researchers’
attention on strain measurement, and defect and crack detection [34-36, 38-40]. RFID tag-based
sensors for strain measurement work by integrating a strain-sensitive element—such as a
stretchable antenna or strain gauge—into the RFID tag. When strain is applied, it alters the
physical or electrical properties (like impedance or resonance frequency) of the tag. These
changes affect the tag’s signal response, which can be wirelessly detected and analysed by an
RFID reader to determine the amount of strain. Zhang J.et al reviewed the application and
sensing mechanism of RFID tag antenna based on structural health monitoring [36]. The
integration of strain gauges with an RFID tag and an electrical circuit was studied in [41], where
the interrogating antenna was used to detect the modulation frequency signal from the RFID
tag. This signal varied in accordance with the strain of the target object. Tata U ef al. studied
that a patch antenna as a strain sensing unit was expounded from the point of principle, theory,
fabrication, and test [42]. Yi ef al. simulated and tested a fold-patch antenna against strain
changes [43, 44]. Figure 2.13 exhibits the folded patch antenna strain sensor and the
experimental set-up at which a RFID reader sends an interrogation signal and receives the
backscattering signal from the antenna sensor. The RFID chip was used to modulate the
backscattering signal by switching the matched and mismatched impedance to control the
amplitude of the backscattering signal, which was beneficial for the differentiation of
environmental noise and interrogation signal [43]. Later, they studied the relationship between
the strain and the change of dielectric constant of the substrate in the RFID-based sensor due to
the shear lag effect, and this relationship was imported into the COMSOL simulation to improve
the accuracy [45]. Figure 2.14 shows that strain leads to a shift of original resonant frequency
towards the right, as reflected in the S11 curves, with the frequency decreasing as the strain

Increases.
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Figure 2.14 Strain simulation results of the antenna sensor [44]

Following the Yi’s work, L1 D ef al. presented a rosette-based strain sensor made of the folded
patch antennas and slotted patch antennas for measuring an arbitrary strain field [46]. Kuhn et
al. proposed a wireless strain measurement scenario based on planar inverted-F antenna and a
CTC13001 microchip [47]. The change in the tag’s resonant frequency as the deformation of
the test piece was simulated. The RFID-based strain sensor with the matched impedance
exhibited a better linear relationship in terms of strain and the resonance frequency [47]. Figure
2.15 presents a battery-free strain/force tag sensor in which a strain gauge is connected to a
RFID tag that harvests energy from the reader to power on the electrical circuits. The RFID tag
is comprised of a dipole RF antenna, rectifier, clock, digital processor, memory mapper, and

SPI control interface [48].
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Figure 2.15 Battery-free UHF strain/force sensor tag [35, 48]

Except for the consideration of sensing capability of RFID-based sensors, its fabrication
materials such as graphene [49], carbon nanotubes [50] are able to enhance antenna
performance such as gain, and radiation pattern. Kim J et al. attempted to use silver ink and
PDMS to design and fabricate a stretchable RFID strain sensor based on the LC resonator [51].
Pan K ef al. used graphene ink suitable for screen-printing to design RFID tags at different
frequency bandwidths [52]. The fabricated method was non-toxic and environmentally friendly,
sustainable, and the read range for the designed UHF RFID tag reached up to 9 m, with high
conductivity 7.13e4 S/m. Niu S ef al. fabricated a stretchable RLC strain sensor tag by using

conductive ink and elastomer, as shown in Figure 2.16 [53].
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Figure 2.16 Wireless stretchable strain sensor (left) and schematic diagram (right) [53]
2.3.2 Magnetic Barkhausen Noise

Magnetic Barkhausen noise (MBN) is a phenomenon generated by the discontinuous movement
of magnetic domain walls in ferromagnetic materials during the magnetization, first discovered
by H. Barkhausen in 1919 [54, 55]. It is a micro-magnetic detection method used for
characterizing residual stress, hardness, and microstructural properties [56-60]. From
microscopic view, ferromagnetic materials are composed of magnetic domains. As shown in
Figure 2.17, when there is no external magnetic field, magnetic domains are randomly

distributed in each of which the magnetic moments of atoms are aligned in the same direction
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due to strong exchange interactions [61]. The random distribution of magnetic domains results
from the system which attempts to minimize the total energy. Under magnetization with an
alternating magnetic field, the direction of magnetic domains tends to align parallel to the field
[61]. The process of magnetization involves the irreversible movement of magnetic domain
walls which have to overcome various obstacles such as grain boundaries, dislocations, second
phase precipitates, non-magnetic inclusions, and applied or residual stress [55].These obstacles
will pin the moving domain wall until the external magnetic field is sufficiently large to
overcome it. Once this condition is satisfied, there are abrupt changes in magnetization, which
can be seen in Figure 2.17, called Barkhausen jumps. These jumps can be macroscopically

observed as a noise-like voltage by placing an inductor coil near the specimen surface [55].
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Figure 2.17 Magnetic domain alignment during magnetization

The magnetic flux density (B) and magnetic field strength (H) curve presents the hysteresis
loop during magnetization and demagnetization. The value of B increases as H increases, but
B tends to stabilize and remain unchanged once H reaches a certain value. This unchanged point
is referred to as the saturation point. With a decrease in the value of H, there is a decrease in the
value of B. When H decreases to zero, B is not zero and this state is called retentivity. When H
continues to decrease along the negative direction, B also decreases. At the point c, it means the
ferromagnetic material is completely demagnetized. The corresponding magnetic field strength
is called coercivity. At this moment, when H keeps decreasing towards the negative direction,

the material reaches the saturation in opposite direction.

21



The magnetostriction phenomenon is that the dimensional change of a ferromagnetic material
under magnetization, which is attributed to the re-orientation of magnetic domains in response
to the magnetization, causing internal mechanical stresses [62]. The inverse magnetostriction
phenomenon, also known as the Villari effect, is that for positive magnetostriction materials,
when a ferrimagnetic material is subjected to an external mechanical stress, the magnetic
domains tend to align along with the direction of the tensile stress while perpendicular to the
direction of the compressive stress, as seen in Figure 2.18 [61]. The variation of magnetic
domains towards the external stress direction leads to a change in magnetic permeability in

response to an applied stress [62].
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Figure 2.18 Magnetic domain alignment due to tensile and compressive stresses [61]

MBN is highly sensitive to mechanical stress as stress alters the microstructure of the
ferromagnetic materials, causing the redistribution of magnetic walls and changing the induced
voltage in a pick-up coil. The principle of MBN relies on an AC current-generated magnetic
field, which travels through a magnetic yoke to magnetize a ferromagnetic specimen. Due to
the process of magnetization, the movements of magnetic domain walls lead to Barkhausen
jumps which is then detected by a coil. The detected voltage is a macroscopic symbol of
microstructural properties, such as hardness, residual and applied stress. The coil is normally
placed near the surface of the material. The excitation to generate MBN signals is a low-
frequency signal, such as 0.1 Hz to 20 Hz [61, 63]. However, the MBN signal is a high
frequency signal, ranging from 1 kHz to 200 kHz. Thus, a bandpass filter is needed to remove
unwanted signals including low-frequency and high-frequency signals. After passing the filter,
an amplification module is used to magnify the signal in order to improve signal-to-noise ratio
(SNR). Figure 2.19 presents the magnitude of MBN signal increases when the specimen is
under tension, but it decreases when the specimen is subject to compression. Based on this, the

material’s hardness is characterized.
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Figure 2.20 Raw signal of MBN excitation and pick-up signals

Figure 2.20 shows the raw signals of MBN’s excitation and detection which demonstrate the
characteristics of low-frequency excitation and high-frequency detection. Due to the abundant
information and stochastic nature in MBN signals, advanced signal processing methods are
required. Lots of feature processing algorithms have been investigated, including root mean
square (RMS), energy of MBN signal, envelops, time-response histogram of MBN, etc [63, 65,
66]. Liu et al. used the peak envelope and RMS value of MBN signals to characterize stress in
silicon steel sheets [60], in which the values were averaged after ten cycles. Maciusowicz et al.

considered the properties of time-frequency (TF) transformations of MBN based on short-time
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Fourier transformation (STFT), and extracted the features of TF domain spectrograms to qualify
the stress [63], which involved maximum, mean, standard deviation, variance, skewness,
Kurtosis, coefficient of variation, spectral entropy, spectral flatness, concentration measure,
peak-to-rms, form factor, and so on [67]. The influence of grain and grain boundary distribution
under elastic deformation on time-response histograms of MBN was investigated, revealing the
variation of the inhomogeneity in magnetic properties under stress and the fact that the grain
boundaries were more susceptible to external stresses [66].

MBN provides a medium to characterize ferromagnetic material’s microstructure, and it comes
with rich time and frequency domain messages. However, due to the complexity of these
features, it is difficult to get a stable MBN signals which may affect the subsequent feature
selection. Also, MBN requires the probe to have a contact with the specimen, making it difficult

to realize non-contact measurement.
2.3.3 Eddy Current Testing

Eddy current testing (ECT) is based on electromagnetic induction theory, which satisfies
Maxwell’s equations [68]. As it shows in Figure 2. 21, when an excitation coil is driven by an
AC current, it will generate magnetic fields around it. These magnetic fields are denoted as
primary fields. When bringing a conductor close to the primary fields, the eddy currents occur
on the surface of the conductor due to electromagnetic induction. The eddy currents will
produce magnetic fields, denoted as secondary fields, which in turn affect the primary fields.
Therefore, the total magnetic fields are a superposition of both magnetic fields. The intensity
of eddy currents is related to material’s conductivity and permeability. If there is a stress, crack,
or defect, the distribution of eddy currents will be affected, resulting in a change in the
superimposed magnetic fields. By measuring the impedance of the excitation coil or using
another pick-up coil to detect the superimposed fields, the material’s properties are
characterized. Due to non-contact, low-cost, and high-speed properties of ECT, it has become
one of the most extensively non-destructive methods for defect inspection and evaluation in

aerospace, aircraft, pipeline, and railway industries [69-72].

Figure 2.21 presents an equivalent circuit model for ECT based on Kirchhoff’s law, where the
excitation coil is regarded as the series combination of an inductor coil Ly and a resistor Ry, and
the specimen is composed of an equivalent inductor L; and a resistor Re. M;> is equal to M>;
where M;>= k\/m ; k 1s the coupling coefficient between the two inductors. V and /; are the
excitation voltage and current respectively; /. is the induced current on the specimen. w is the

angular frequency. Therefore, the formula can be established as:
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Figure 2.21 Principle of ECT and equivalent circuit model of ECT

Rol +](1)L01 _j(,l)M21Ie =V (21)
I¢(Re + jwLy) — jwMy,1; =0 (2.2)
The equivalent impedance Z., = V/I; which considers the mutual interaction between the

excitation coil and the specimen, is formulated as:

. k?LoL;w?
Zeq = Ro +jwLg + ﬁ = Req + Xeq (2.3)
. . (Wk)?LoLyLy
Xeq = jwlo —jw Rt @L)? (2.4)
_ (wk)?LoLyRe
Req =Ry + R @L)? (2.5)

When the excitation coil is placed in the air, which means there is no interaction with the

specimen, the impedance Zyis expressed as:

ZO == RO +_](1)L0 (26)
The normalised real and imaginary of the impedance Z., after subtracting Zy is derived as [73]:
Xeq_ _ (k)?LqLy

Kean = Jorg = 1 7 vl 7

R __ Regn—Ro _ (kK)?wL1R,
eqn jwLg RZ+(wLq)?

(2.8)

Equation (2.7) and (2.8) represent that the influence of original impedance information of the
excitation coil is eliminated, leading to the normalised impedance only related to the testing
specimen. Figure 2.22 shows how lift-off and crack affect the normalised impedance plane. The

coordinate point of the impedance plane is Po (0, 1) when the excitation coil is in the air. Lift-
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off is the distance between the excitation coil and the target. As the lift-off decreases, Xen tends
to decrease due to the fact the coupling between the excitation coil and the specimen turns to
be stronger. Py and P» refer to different conductivity o; and > in which o2 is smaller than o,
causing two different trajectories in terms of lift-off variations. Obviously, the trajectory with
o1 1s longer than that of o, because eddy current flows increase with respect to P2, which results
in Regns larger than Regn2, and Xey; smaller than Xe 2 due to stronger eddy currents. When there
is a crack on the specimen, it impedes the flow of eddy currents which causes a longer path
with reduced eddy current dissipation, and a reduce in the secondary magnetic field, decreasing
Regn and increasing Xeyn. The movement from P1 to P2 in Figure 2.22 (left) describes the

situation of the excitation coil encountering a crack, corresponding to Figure 2.22 (right).
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Figure 2.22 Normalised impedance plane: Lift-off curves and crack displacement for two
values of conductivity P1 and P2 (left), and altered eddy current when encountering a crack

(right) [69]

There is another significant parameter related to ECT, skin-depth ¢. It describes how eddy
currents penetrate along the depth direction. It is supposed that the eddy current density on the
surface is considered to flow only in the x-direction, and it only varies along the z direction.

Thus, the surface eddy current density formula can be expressed as [74]:

Jx(Z,t) = Jomax€ 8.COS (wt +ay— %) (2.9)
Where Jx (z, t) demonstrates the change of eddy current density against the time and depth z.
Jomax 18 the value of the eddy current density at z=0; ¢ is the skin depth; «, is the initial phase

when =0 and z=0.

Standard skin depth defines that the amplitude of Jx (z, #) at the surface Jo,qc€ ¢ decays
exponentially towards the internal side of the specimen to 1/e of the value at the surface. It is

expressed as:
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5= [ (2.10)

R
In Equation (2.10), x and o represent material’s permeability and conductivity; w is an angular
frequency. This equation illustrates the skin depth is related to the excitation frequency and
material’s properties. Figure 2.23 shows the skin-depth curves at two frequencies, 200 Hz for
the red line and 10 Hz for the blue line. For low frequencies, the skin depth is deep which means
if the ECT probe operates at low frequency, it is able to detect subsurface defects while it detects
surface cracks at the surface. Low frequencies can cause a weaker eddy current density at the
surface in comparison with high frequencies, which makes the sensitivity of surface defects

lower than that of high frequencies.
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Figure 2.23 Electromagnetic field penetration inside the aluminium for two different

frequencies: 61-200 Hz; 62—10 kHz [74]

ECT has a variety of coil structures including solenoid coils, pancake coil, and PCB coils,
flexible PCB coils [75-78]. Typically, ECT probes can be categorised as absolute, bridge,
reflection, and differential probes [79], as illustrated in Figure 2.24. For an absolute probe, it
performs both functions of excitation and detection. A balance coil placed within the ECT
instrument is used to balance the bridge output. This type of probe requires that both test coil
and reference coil have a very close value to reach the balance before carrying out tests.
Otherwise, it may exhibit poor performance and even malfunction due to signal saturation. For
a bridge probe [80], it is similar to the absolute, but the test coil and the reference coil are placed
together so that they have an equal opportunity to experience the change in external
environments. The advantage of this type of probe is it is insensitive to lift-off changes. A
refection probe consists of a driver coil and a pick-up coil [81]. In this configuration, the driver

coil generates eddy currents, and the pick-up coil detects eddy current signals. They do not
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share one same excitation source. Therefore, the pick-up coil is not affected by the temperature
variation due to long-time operation and heat accumulation in the excitation coil. There are two
ways of placement for a reflection probe. One is both excitation and pick-up coils are coaxial
[82], and another is they are placed side by side [83] . Regarding a differential probe [84], here,
it is composed of a driver coil, and a differential pick-up coil, which offers the advantage of
being insensitive to lift-off and noise, and sensitive to surface defects. Absolute and differential
probes present different impedance trajectories with absolute display showing a lift-off change
first and then a movement caused by a defect or a change in material’s properties, and
differential display showing an 8-shape trajectory around a convergence point because of the

symmetry of differential probes.
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Figure 2.24 Absolute (top left), bridge (top right), reflection (bottom left), and differential
types of probes (bottom right) [85]

ECT structures can be varied to improve performance in sensitivity, suppression of lift-off
influences and noise, defect detections, which produce special structures such as planar double
D-shape coils for surface crack detection (Figure 2.25 left) [84], differential coupling double-
layer PCB coil for inspecting surface defects at high lift-offs (Figure 2.25 right) [70], and multi-
layer magnetic shielding for deep defects inspection [86]. Two coils with an orthogonal
placement and the same current excitation but a 90° phase shift form a new type of structure
which can generate rotating eddy currents and be sensitive to arbitrarily oriented defects [87-
89]. Figure 2.26 (left) shows one type of orthogonal probe structures. Trung et al. proposed an

ECT convergence probe with hollows and a copper plate under the excitation coil, and a

28



unidirectional EC convergence probe with a pair of D-shape cooper cores, as shown in Figure.
2.26 (right), offering self-nulling and self-differential characteristics and enhance signal-to-
noise ratio [90]. Ma et al. proposed a common-differential ECT probe structure in which two
hollow rectangular excitation coils were located on the first and third layer of the PCB board,
and a pair of rectangular detection coils were located on the second and third layer of the board,
also in the middle area if the hollow excitation coils; the output from the bridge circuit of two
excitation coils served as lift-off estimation, and the detection coils served as the defect
detection [91]. Xiao et al. designed an external pulsed remote field eddy current (RFEC) probe
for detecting inner and outer defects along a pipe; the probe consisted of a bobbin receiving
coil, and two rectangular excitation coils with shielding cages which realized double through-

wall Poynting vector transmission phenomenon [92].
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Figure 2.25 Planar double D-shape coils (left) [84], and differential coupling double-layer
PCB coil (right) [70]
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Figure 2.26 Rotating ECT probe with orthogonal coils (left) [93], and structures of ECT

convergence probe with hollows and a copper plate under the excitation coil (right) [90]

Most of ECT probes take a single frequency excitation with a frequency ranging from a few
hundred Hz up to a few MHz, which limits the inspection information since penetration depth
is fixed [94]. There is only a magnitude and phase in frequency domain for a single frequency
probe. Also, constant operations of a probe with single frequency excitation cause an increase

in temperature and energy loss [95]. In order to obtain more information about targeting
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materials, multi-frequency excitation with either simultaneous or sequential operation is
investigated [94, 96, 97], providing abundant impedance information regarding lift-off, depth,
spectrum components, and resolution. Pulsed eddy current testing (PECT) is an emerging
excitation method which applies a pulse or rectangular signal to drive the probe, and another
detection coil or magnetic sensor is harnessed to receive the PECT signal [94, 98]. Due to the
jump of an excitation pulse at rising and falling edges, transient eddy currents are induced.
Compared with traditional ECT methods, PECT owns much richer frequency contents, which
means more specimen information such as defect size, depth, and location can be detected. In
addition to richer frequency components, the pulse excitation reduces energy loss in excitation
coils due to the fast switch between high and low voltage levels. PECT has been employed into
metal thickness measurement under insulation and coating at a very high lift-off, and subsurface
defect detection [99, 100]. The pick-up signal is a transient signal, so features including time to
peak, zero-crossing time, peak points, arrival time of descending point are extracted to
characterize defects [100]. A principal component analysis (PCA) was first explored to reduce
the number of the PEC data dimensions and extract features that contained most relevant
information, which allowed effective classification of defects [101]. Except for single frequency,
multifrequency, and pulse excitation, some authors have conducted research on excitation with
chirp frequency, sinusoidal modulation, and pulse modulation (shown in Figure 2.27) for

improvement in signal-to-noise ratio, resolution, and defect imaging [102, 103].
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Figure 2.27 ECT Excitation signals

ECT have also been used for evaluation of material properties (conductivity, and permeability)
and stress measurement [75, 104-107]. Wang et al. proposed a non-contact measurement of
electrical conductivity using ECT; the logarithm of phase change was found linear to the

electrical conductivity [108]. Ma ef al. investigated a conductivity measurement method based
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on the peak-frequency feature of imaginary components in inductance change via a sweep-
frequency ECT sensor, which provided an analytical analysis to avoid lift-off effects by the
spatial-frequency calibrations with a known conductivity [75]. Yin ef al. found a permeability
invariance phenomenon with a controlled lift-off, which was employed for reducing impact of
permeability in electrical conductivity measurement of ferromagnetic materials [109]. Later, a
similar invariance phenomenon was found in conductivity at a certain lift-off and it was applied
for permeability measurement for ferrite metallic plates [110]. Adewale et al. investigated the
decoupling of permeability and conductivity in PECT using normalisation in order to reduce
inhomogeneity of material testing, which also revealed that conductivity effects are prominent
in the rising edge of the transient response that corresponds to high-frequency components
while permeability effects are dominant in the stable phase that corresponds to low-frequency
components [111]. It has been proven that stress can be effectively evaluated through ECT [112,
113]. The stress on the specimen causes changes in electromagnetic properties such as electrical
conductivity and permeability due to piezo-resistivity and inverse magneto-strictive effect, and
results in changes to the ECT signals [114, 115]. Bai et al. applied pulsed eddy current
thermography to improve the sensitivity and spatial resolution for the evaluation of the
anisotropic dependency of electrical conductivity of steel subjected to tensile stress, but the cost
of the infrared camera is prohibitive, and the experimental set-up is complex [115]. Morozov et
al. [113] studied the relationship between the elastic-plastic state of aluminium alloys and their
eddy current response. The real component of the response was found to be sensitive to elastic
stress while the imaginary component was sensitive to plastic stress. Li ef al. evaluated the
stress distribution along a ferromagnetic specimen under tension based on ECT and a
backpropagation (BP) neural network within the elastic range [116]. Ricken ef al. designed a
U-shaped NiZn-ferrite yoke with two coils placed on the poles in series connection for stress
measurement in steel strand wires; the serial circuit of six ECT sensors were placed onto the
steel wire with a solid system housing to maintain a constant air gap between ferrite surface and
steel wires; their research disclosed the dependency of ECT inductance variations under applied
stress and material dependent magnetostriction coefficients, and the remanence after a few
definite load curves was set to a stable point in which reproducibility error of ECT inductance
deviation tended to be zero [106]. Schoenekess et al. used two annular magnets to stabilise the
operation point of magnetisation state to dimmish the measurement error on dynamic stress
measurement of steel strand wires [117]. Liu et al. improved sensor sensitivity and linearity of
ECT sensors for force and stress measurement by miniaturing the U-core and E-core sensor
structures, which also reduced hysteresis during loading and unloading [118]. Zhou et al.

proposed a U-shaped pulsed electromagnetic sensor for tensile stress assessment in the
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ferromagnetic materials in which the peak values was extracted from differential signal to
represent the tensile stress [119]. Bassam ef al. developed frequency-dependent apparent eddy
current conductivity (AECC) technique based on piezoresistivity effects for residual stress
profiling in surface-treated engine alloys [120]. Ji ef al. designed a real-time strain monitoring
system for steel structures based on eddy current effects where the eddy current sensor was
integrated with an excitation, detection, and wireless transmission module; the strain data were

transmitted to the cloud platform using MQTT protocol [121].
2.3.4 LC Resonance Sensing

ECT technology has been extensively exploited in material’s characterization and evaluation,
offering advantages of no contact, low cost, and fast measurement. However, it is restricted by
lift-off, sensitivity, and power consumption. The impedance curve of an ECT coil shows a
phenomenon that impedance increases with frequency and reaches the maximum at its resonant
frequency and then decreases. The frequency-dependent impedance characteristics demonstrate
that the transition of an ECT coil from inductive to capacitive reactance due to the existence of
parasitic capacitance led by winding of the wire, the space between turns, coaxial cable [122].
In this case, an ECT coil can be modelled as a parallel connection between a capacitor and an
inductor. As the frequency rises and reaches the resonant frequency, the inductive reactance and
capacitive reactance cancel each other out, causing the ECT coil to resonate and the impedance
reaches the maximum. Research has shown that an ECT coil working near electrical resonance
(NER) can significantly enhance signal-to-noise ratio (SNR) for sub-millimetre defect detection
due to the fact that impedance varies sharply close the resonant frequency [123, 124]. Figure
2.28 presents near electrical resonance SNR plot of signal magnitude (left-axis) for three
discontinuities of varying depth in relation to electrical resonance on Ti6-4 (right-axis),
highlighting the enhancement in SNR of operation close electrical resonance [124]. Xiu et al.
proposed a single-coil structure based on electrical resonance to improve sensor sensitivity for
tension measurement of the ferromagnetic material; both the impedance magnitude peak and
phase at the self-resonant frequency of the coil were observed to have a linear relationship with

the external tension [125].
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Figure 2.28 Near Electrical Resonance Signal Enhancement (NERSE) signal-to-noise ratio
(SNR) plot of signal magnitude (left-axis) for three discontinuities of varying depth in relation

to electrical resonance on Ti6-4 (right-axis) [124]

In addition to operating an ECT coil near electrical resonance frequency for detect inspection,
a capacitor can be added into an inductor coil to form an inductor-capacitor (LC) resonator,
acting either as an inductive or capacitive sensing, depending on the sensing unit. LC sensors
have been widely investigated in wireless measurement, such as temperature, humidity,
pressure, strain, gas, biomedical parameters, and speed due to the advantages of passive
operation with no requirement of batteries, remote readout capability, long-term stability, low
cost, easy design of sensing structures with minimal components and small size, flexible
fabrication, and customizable resonance, high sensitivity to target parameters [126-129]. Most
of research have been concentrated on using the capacitor as the sensing unit, and the inductor
as the communication unit. As shown in Figure 2.29 (a), an LC sensor system consists of a
readout coil and an LC sensor, where changes of capacitance in response of parameters of
interest result in shifts its resonant frequency through monitoring the impedance magnitude and
phase spectrum of the readout coil. The interaction between the readout coil and the LC sensor
is finished by near-field magnetic coupling. The equivalent circuit of the sensor system is very
similar to an ECT equivalent circuit, consisting of an inductor coil Ly in the readout coil side,

and a series connection of an inductor coil Ly, a sensing capacitor Cs, and a resistor R;.

The equivalent input impedance at the terminal side of the readout coil is expressed in [126]:

Z. =Y = il + Zn = joly + —2M
LR =JWho R = JWho Rs+jwLs+1/jwCs

(2.11)
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Where Zr is the reflected impedance, and M is the mutual inductance.
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Figure 2.29 (a) Schematic representation of an LC sensor system. (b) Equivalent circuit of an

LC sensor system. (¢) Characteristic curve of Re (Zin) and Phase (Zin) [126]

The resonant frequency f; and quality factor Q of the LC sensor are written as:

1

fs = 21,/LsCs

Q= Riﬁ— (2.13)

The real and imaginary parts of the equivalent input impedance Zi, after combining equation

(2.12) and (2.13) are derived as [126]:

(2.12)

Re(Z;,) = 2nfLok?Q # (2.14)

Im(Z;,) = 2rfLy[1 + k2Q? (2.15)

Where £ is the coupling coefficient between the readout coil and the LC sensor. By solving the
derivative of equation (2.14) and making it equal to zero, the resonant frequency corresponding

to maximum of Re(Zi,) is obtained as:
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2Q2-1
Equation (2.16) demonstrates that fuuxre 1S only relevant to Q and f;, and independent of £.
Measuring the frequency for maximum real part of Re(Z;,) is only related to the LC sensor,
which reduces the influence of the distance between the readout coil and the sensor. Figure 2.29

shows the maximum of Re(Z;,) at the resonant frequency f.

The phase of the input impedance is expressed as:

Im(Ziyn)

phase(Z;,) = arctan Re(Zip)

2.17)

Similarly, by making the derivate of phase(Zin) equal to zero, the frequency respective to the
minimum of the phase is obtained as:

1 1
fphase—min ~ (1 + Zkz + w)fs (2.18)

Obviously, this frequency is not only related to f; and Q, but also related to &. In order to obtain
information only related to the LC sensor, the measurement strategy should be taken such as
fixing the distance between the readout coil and the sensor or setting a minimum coupling so

that the influence of & can be ignored.

A vector network analyser (VNA) or impedance analyser is normally used for measurement of
these parameters via sweeping the frequency through the readout coil while monitoring the
maximum of real (Z;;) and minimum of the phase [130-133]. Advances in micromechanical
systems (MEMS) and novel materials have enabled wireless LC sensors to achieve smaller
footprints, higher sensitivity, and longer transmission distances[134-136]. Harpster et al.
designed a single-chip integrated humidity sensor which was able to operate wirelessly through
inductive coupling with a remote antenna; the sensor performance parameters including
resolution, sensitivity, detection range, hysteresis, and drift were investigated [130]. Lv ef al.
demonstrated an LC wireless passive humidity sensor based on MWCNTs (multiwalled carbon
nanotubes) and WS, nanocomposites [133]. Xu et al applied MWCNT and
polydimethylsiloxane (PDME) to develop a radio frequency resonator-based flexible wireless
pressure sensor with a bilayer pyramid dielectric structure [137]. Rodriguez et al. presented a
wireless resonant LC temperature sensor with the capacitive sensing element which was made
by Lead-Lanthanum-Zironate-Titanate ceramic, operating at a rotating component and a harsh
environment where temperature was over 200 °C [128]. Tan et al. applied screen-printing
technique, low-temperature co-fired ceramic (LTCC), and imidization process to design an LC
wireless passive temperature-pressure-humidity (TPH) sensor in harsh environments, with

ranges of 25-200 °C, 70-220 kPa, and 24-90% RH; Figure 2.30 (a) presents the structure of the
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designed TPH sensor in which a readout antenna was utilised to interrogate the TPH sensor,
and the interrogation signal S11 in Figure 2.30 (b) shows three different resonance frequencies;
The frequency difference between each sensor’s response was large enough to reduce mutual
coupling; Figure 2.30 (c) and (d) illustrate the spatial configurations of layers [138]. Later, they
applied high-temperature co-fired ceramic to develop an LC temperature-pressure sensor
operating at an extreme 1100 °C environment with a sensitivity of 92.98 kHz/kPa in a range of
70-120 kPa [139]. Wang et al. designed a dual-parameter sensor with a strain-sensitive
interdigital capacitor, and a temperature-sensitive plate capacitor; the temperature sensor was
connected to the inner part of the inductor coil while the other was connected to the outer part
of the coil, forming two LC loops using a single inductor coil; the sensors were analysed by
HFSS and fabricated on a polyimide film using electroplating technology [132]. Deng et al.
presented a symmetric LC topological circuit configuration for both pressure and humidity
measurement, in which the symmetric structure separated the resonant frequencies of two LC
resonators; the change in the sensing capacitor of one LC resonator only affected its own
resonant frequency while remaining independent of the other resonant frequency, and vice versa;
this new configuration provided multiple-parameter monitoring simultaneously [131]. Dong ef
al. utilised a relay switch to actuate on and off states of the connection in a multifunctional LC
sensor system [140]. Li et al. proposed a wireless passive flexible strain sensor based on
aluminium nitride (AIN) film where the AIN film was deposited in an interdigital capacitor to
enhance the sensing capability; the sensor could measure a strain in the range of 0-3000 pe with
a resolution of 20 pe [127]. Chen et al. proposed an implant-based wireless microsensor for
continuous intraocular pressure monitoring where the sensor consisted of a pressure-sensitive
parallel-plate variable capacitor embedded in a deformable diaphragm chamber, and a spiral

coil on a flexible and foldable substrate [136].

In addition to using new materials to the design and fabrication of LC sensors, there are many
researchers focusing on readout distance enhancement and portable telemetry systems. Tan et
al. proposed a dual-inductor resonator (DIR)-based signal readout for LC pressure sensors in
rotating environment; the LC pressure sensor was installed on an electric fan and one inductor
was interrogated with it; this inductor was connected to another inductor to constitute a dual
inductor, and then interacted with the readout antenna to transmit the signal from the sensor, as
show in Figure 2.31 [141]. Dong et al. applied a cyclic scanning repeater to enhance the readout
distance of LC sensors; the repeater was composed of an LC resonator and a varactor which
changed its capacitance based on a periodic voltage signal; when the scanning frequency of the

repeater matched the resonant frequency of the LC sensor, the strongly magnetic resonance
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coupling happened, greatly extending the readout distance by 3 times [134]. Zhang et al.
developed a portable telemetry unit for measuring the resonant frequency of LC sensors, which

was based on a standing wave ratio (SWR) bridge [135].

However, When LC resonance sensors are placed near metallic objects, eddy currents are
induced. These currents negatively impact sensing performance by altering the sensing distance,

quality factor, resonant frequency, and equivalent parallel resistance.
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Transmission model of the dual-inductor resonator-based readout system [141]
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2.3.5 Wireless Power Transfer-based Sensing

The concept of wireless power transfer (WPT) was firstly proposed by Nicole Tesla, later, who
verified this concept through powering a small lamp by current induced in a three-wound coil
[142]. WPT has gained widespread attention in energy acquisition, offering cordless connection
between the sources and devices, and reducing the need that relies on battery; it has been applied
in portable electronic devices, such as mobile phone, laptop, earphone, and implantable medical
devices, electric vehicles, and mobile robots [143]. WPT is divided into two categories, far-
field and near field. Far field WPT includes laser power transfer, microwave power transfer,
and solar power satellite [ 144]. Although far-field WPT can realize a long-distance transmission,
it has the issue of energy loss. Near-field WPT contains capacitive power transfer, inductive
power transfer and magnetic resonant coupling (MRC) [145]. MRC-WPT has been paid much
attention since a researcher MIT proved that WPT via strongly coupled magnetic resonance is
able to realize power transfer over distances up to 8 times the radius of the coils and higher
power efficiency transfer [142, 146]. An MRC-WPT system is typically composed of two
resonant coils, named Rx and Tx, where each resonator includes a coil and a capacitor. The
magnetic coupling reaches the maximum when the two resonators are tuned to the same
resonant frequency. There are four types of MRC-WPT structures according to the connection
approach of a coil and a capacitor, denoting serial-serial (SS), serial-parallel (SP), parallel-serial

(PS), parallel-parallel (PP) [147], as shown in Figure 2.32.

iz
C;
- R,
¥
iz
& =
—_— =R

Figure 2.32 Four topologies of MRC-WPT: (a) SS topology (b) SP (c) PS (d) PP

Each of them provides unique benefits. SS provides load-independent constant current which

is ideal for EV charging. SP delivers stable voltage which is suitable for medical devices. PP is
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excellent in high-power applications with soft switching. PS is well adaptable to dynamic loads
such as loads. However, the selection of them depends on whether the priority is current/voltage
regulation, power transfer efficiency, or load flexibility [148]. Research in WPT has mainly
concentrated on enhancement of transmission efficiency, WPT to multiple receivers, energy
maximization during coil misalignment, transmission distance, impedance matching,
metamaterial-based power transfer efficiency, omnidirectional charging [145, 149, 150]. Both
coupled-mode theory (CMT) and reflected load theory (RLT) are used to theoretically analyse

power transmission model of WPT [145].
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Figure 2.33 Equivalent circuit of WPT-based ECT for defect detection [151]

The previous description of WPT is primarily stressed on energy transfer as this is the origin of
WPT. In addition to applying WPT-related structures on energy collection and power transfer,
they can also be utilized for sensing information, such as structural health monitoring in
pipelines, bridges, railway rails, buildings, aircrafts to monitor crack, defect, strain, and stress.
[151-153]. Daura et al. utilised the splitting frequency phenomenon of WPT where it produces
two resonant frequencies and magnitudes for crack detection and characterization in Aluminium
material; principal component analysis (PCA) was adopted to investigate the relationship
between crack size and feature information [154]. Afterward, the author performed WPT-based
ECT test via flexible printed coil array on a curved pipeline; Figure 2.33 presents the equivalent
circuit model of WPT-based ECT, which employs the interaction between Tx (parallel), Rx
(parallel), and the sample [151]. A modified parallel/series-parallel/series (PS-PS) WPT-based
ECT topology was designed for investigation of multiple features on inclined angular rolling
contact fatigue (RCF) cracks [155]. Zhang et al. investigated the magnetic resonance coupling
based wireless triboelectric nanogenerator (MRC-TENG) and self-powered wireless sensors;
in Figure 2.34, the Polyvinylidene fluoride (PVDF)-based capacitive pressure sensor was
integrated in the resonant circuit of TENG, varying its capacitance value with applied pressure
and in turn shifting the resonant frequency; the TENG provided energy to produce the resonant

signal containing the sensing information and transmitted it to the receiver wirelessly [156].
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Yang et al. developed an integrated wireless theranostic contact lens based on capacitive
sensing and WPT for in-situ intraocular pressure monitoring and on-demand drug delivery
[157]. Lin et al. demonstrated a battery-free body sensor network using near-field-enabled
clothing to establish wireless power and data transmission for continuous strain and temperature
monitoring; the clothing comprised of a network with a single hub and multiple terminals in
which the hub coil collected energy from the reader and then provided it to the terminals [158].
Ertsgaard et al. proposed a method capable of realizing wireless dielectrophoretic trapping and
remote impedance sensing through resonant WPT where the change in load impedance varied
the reflected impedance in the primary coil; a critical coupling was found that power transfer

efficiency reached the maximum, as shown in Figure 2.35 and 2.36 [152].
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Figure 2.34 MR-TENG-based wireless chipless sensors. (a) The configuration of a capacitive
pressure sensor integrated in the TENG resonant circuit; (b) and (c) the structure and photo of
PVDF nanofiber membrane-based capacitive pressure sensor; (d) the photo of the wireless
sensing system; (e) the capacitance variation with different pressures applied to the sensor (f)

Spectrum of received signal from the sensor as a function of applied pressure [156]
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Figure 2.35 Experiment concept: dielectrophoretic trapping and remote impedance sensing via
resonant wireless power transfer (a) A microscope image of a single coplanar nanogap used
for trap and release experiments; (b) A concept diagram of the experimental setup w with a

primary and secondary coil inductively coupling RF power to a nanogap capacitor [152]
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Figure 2.36 Circuit architecture and optimal coupling regime for impedance sensing [152]
2.3.6 Digitalisation and Miniaturization of Measurement Systems

The conventional measurement systems involve lots of discrete components, such as signal
generator, power amplifier, signal conditioning circuits, and data acquisition systems for MBN
and ECT system, VNA or impedance analyser for LC sensors. Their combinations lead to a

large dimension, heavy weight, high power consumption, and expensive cost. Nowadays, the
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development of measurement systems has been moving toward the direction of miniaturisation,
portability, low consumption, digitalisation, and low cost [159-164]. Highly integrated
impedance measurement converters are beneficial to reduce the size and cost of the system,
minimize the noise interference, lower the power consumption, and improve the measurement
precision and repeatability. AD5933 is a high-precision impedance measurement converter
which combines an on-board frequency generator, with a 12 bit, IMSPS analog-to-digital
converter (ADC) [159]. As Figure 2.37 displays, the oscillator generates signal to drive the
external complex impedance, and the response signal is sampled to the on-board ADC and a
discrete Fourier transform, returning a real part and imaginary part of the measured complex
impedance. It means that the complicated impedance measurement is realized by this highly
integrated AD5933, which is easy to be read by only a microcontroller with I’C interface,
making it applicable to portable, low-cost measurement, such as non-destructive testing,
structural health monitoring, and material property analysis [160, 165]. An ECT measurement
system based on AD5933 was proposed in [160], where the impedance of a coil was captured
to detect the defect around the weld area. Koerner et al. demonstrated a miniaturised and
embedded electrical impedance analyser using AD5933 for identifying mechanical parameters
of mass, spring constant, and damping coefficient from the impedance of a voice coil motor
[166]. Another application is that AD5933 was used for electrical impedance tomography for
bioimpedance measurement [167]. Li ef al. combined AD5933 and piezoelectric transducers
with a wireless communication system to propose a electrochemical impedance-based SHM
method for aircraft wing health monitoring [168]. Liang et al. developed a wireless
multichannel impedance system based on AD5933 which features wireless data transmission,
multichannel acquisition, and remote data post-processing; the developed system was verified
by a bolt loosening on the flange connection of a pipeline specimen for the damage localisation
and severity quantification [169].
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Figure 2.37 Block diagram of AD5933 for impedance measurement [159]
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ADG698 is a linear variable differential transformer (LVDT) signal conditioning subsystem
which integrates signal generator, power amplifier with signal demodulator, transforming the
ratio of the input detection signal voltage to the drive voltage into an output voltage proportional
to it [162]. This chip can be configured to work with a frequency range from 20 Hz to 20 kHz
and amplitude from 2V and 24V rms by only changing the external capacitor, widely used for
displacement sensing and ECT defect detection [170, 171]. Figure 2.38 presents a diagram of
ADG698 configured as a series-opposed connected LVDT transducer, where the primary winding
is energized by the sine wave from the oscillator, and the two secondary windings are connected
in the series opposed configuration, offering the differential output. Li et al. used AD698-based
signal conditioning for radial and axial integrated inductive displacement sensor on magnetic
bearing system [172]. Li et al. proposed a differential transformer ECT probe based on AD698
LVDT signal conditioning for rolling contact fatigue cracks with different orientations; the
probe consisted of four-square excitation coils that generated unidirectional eddy currents, and
two 8-shape detection coils capable of sensing cracks in different directions and being
insensitive to the lift-off [171].

LDC1612/4 is a multi-channel 28-bit inductance to digital converter (LDC) that measures the
inductance by measuring the resonant frequency (fs) of an LC resonator with a known
capacitance, providing high resolution, fast response, simplified circuit design, digital outputs
and low power consumption [163]. Figure 2.39 is the diagram of LDC1614 which has 4
resonant circuit drivers, a measurement core, an I°C interface, and an external 40 MHz oscillator.
The chip integrates resonant circuit drivers with frequency meters in a small package WQFN-
16 which supports a wide sensor frequency range of 1 kHz to 10 MHz, and an equivalent
parallel resistance larger than 0.6 kQ. LDC1612/4 outputs digital values proportional to the
resonant frequency via I’C interface, which can be simply programmed by a microcontroller
with I>C function. In addition, due to the fact that an LC resonator works at its resonant

frequency, the equivalent parallel resistance (R,) reaches the maximum. Thus, the power
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required to resonate is minimum. LDC1612/4 has been broadly used in high-precision

displacement sensors, buttons in home electronics, tactile sensors, and metal detection [173-

176].

Since LDC1612/4 merely provides the function of frequency measurement, the measurement
of the equivalent parallel resistance of an LC resonator is not supported, and the maximum
sample rate is 4.08 kSPS due to I°C interface, limiting its application fields. However, LDC1001
and LDC1101 make up this limitation, offering both measurement functions of f; and R, with a
maximum sample rate of 180 kSPS through SPI interface [177, 178]. LDC1001 provides a 16-
bit resolution for R, and a 24-bit resolution for f;, enabling an LC resonator to operate with an
fs range of 5 kHz to 5 MHZ, and an R, range of 0.798 kQ to 3.93 MQ. The power supply for
this chip contains anlog power supply with 4.75 V to 5.25 'V, and digital power supply with 1.8
V to 5.25 V. LDC1101 has the similar parameters in the resolution but only one power supply
with a range of 1.8 V to 3,3 V, smaller than that of LDC1001, as shown in Figure 2.40. It can
drive an LC sensor with a f; of 500 kHz to 10 MHz and a R, of 1.25 kQ to 90 kQ. LDC1001
and LDC1101 have been used for defect detection and magnetic induction tomography due to
its multiple parameters and digital outputs [179-181]. Tian ef al. applied LDC-based multi-
parameter ECT for crack characterization on aluminium and steel specimens; the f; and R,
characteristic curves presented the influence of lift-off and crack size [179]. Liang et al.
investigated the correlation between the crack width and the half-peak width using the
LDC1101-based ECT system [180]. Feldkamp ef al. demonstrated the application of LDC1101

to measuring coil loss in single-coil magnetic induction tomography [181].

40 MHz
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Circuit
INOB Driver

IN3A| Resonant
Circuit
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GND

Figure 2.39 Block diagram of LDC1614 for inductive sensing [163]
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2.4 Challenges and Problems

In the mentioned approaches for WRCFM, SGs have been attracted much attention and
successfully applied on practical railway vehicles. However, there are several drawbacks for
this method. Firstly, SGs are required wiring-connection, which can cause entanglement of lots
of wires, leading to the difficulty of identifying the failed one to replace it. Secondly, the
installation of SGs needs to drill holes on the web. Although this way measures the vertical
force, to some extent it destroys the integrity of wheel structures. Thirdly, the tricky thing is to
transmit strain signals from a rolling wheelset to a static bogie frame. This increases the
complexity and cost of the system. DIC technique provides a new insight for WRCFM, but it
requires complex image processing and signal acquisition systems. It is difficult to implement
this method in practical wheels due to the extra surface preparation, lighting, and high-speed
motion. While gaps sensors are feasible for measuring the lateral force by indirectly detecting
the displacement or deformation caused by mechanical loading, they still face challenges in

providing accurate and direct force measurements in wheel-rail systems.

The research progress using electromagnetic NDT techniques for WFM brings new insights
into WRCFM. UHF RFID tag-based sensors are excellent in remote sensing. However, it
requires a bulky reader which brings challenges in practical installation, environmental
interferences, feature extraction of backscattering signal, and data sampling rate. MBN is
capable of detecting microscopic structure of ferromagnetic materials and characterizing their
residual stress, but this method requires the probe to maintain direct contact with the specimen
that means a zero lift-off. Additionally, the MBN signal is a high-frequency, noise-like signal,
making it challenging to extract its features and perform quantitative analysis. ECT is simple
and fast testing method which demonstrates its effectiveness in stress measurement. However,
it has limitations in sensitivity and lift-off, especially when detecting small changes in material’s

electromagnetic properties. Consequently, ECT for force measurement often requires a zero
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lift-off to ensure accuracy. The occurrence of LC resonance sensing addresses the drawbacks
of ECT by utilizing a sharp impedance change near the resonant frequency, which significantly
enhances both sensitivity and lift-off. By means of MRC in WPT, lift-off can be extended due
to the resonance between two LC resonators. However, most measurement systems reply on
VNA or impedance analysers to implement the measurement of the resonant frequency and
impedance amplitude through frequency sweeping, which significant slows down the data

sampling rate, particularly in rotating platforms.

The combination of LC resonance sensing and LDC-based measurement systems effectively
enhances sensitivity and operational lift-off while reducing system complexity. This is achieved
by leveraging the resonance characteristics and LDC-based systems which enables fast and
simplified measurements. There remain several potential challenges, including the design of
LC resonance sensors, the development of LDC-based measurement systems, the separation of
force at varying lift-offs, the enhancement of lift-off and sensitivity, and signal readout and

feature analysis on a rotating testing platform.

2.5 Chapter Summary

This chapter covers a range of literature review, from the background of wheel-rail contact
forces, common methods for WRCFM to electromagnetic NDT-based techniques for WFM.
Wheel-rail contact forces are caused by the interaction between the wheel and the rail during
the running operation, which decide the running safety stability of the railway system. Strain
gauge-based WRCFM is the most common method due to its high-sensitivity, and low-cost, but
it has a strict requirement for the installation, signal transmission and processing. Many
researchers have been seeking for non-contact or wireless solution for WRCFM. Digital image
correlation and gap sensors exhibit the efforts in this direction. However, considering the cost,
feasibility, and system complexity, these methods are not good enough. Electromagnetic NDT-
based techniques may provide new insights into WRCFM, especially for WFM. Therefore, the
problems of WRCFM are transformed into WFM, which is the simplification of complex
wheel-rail force mechanism, offering potential alternative solutions for the present techniques.
RFID-based sensor for stress measurement, MBN, ECT, LC resonance sensing, WPT-based
sensing are subsequently reviewed regarding the principle, system, and state-of-the art progress
in WFM. In addition, the development of measurement systems is towards miniaturisation,
integration, low cost, and portability, chip-based systems including impedance converter
AD5933, linear variable differential transformer (LVDT) AD698, and inductance-to-digital
converters LDC1614/LDC1101 are introduced. These chips do not need complicated external

46



components, and they can be easily integrated with a microcontroller to establish a complete

and accurate measurement system.

LC resonance sensing is selected as the research topic for this thesis thanks to its advantages in
wireless measurement, high sensitivity led by impedance characteristics at resonant frequency,
and simple measurement system. LC resonance sensing can provide promising solutions for
WFM and WRCFM. The work focus on the feasibility of applying LC resonance sensing for
WFM by LDC-based measurement systems, separation of lift-off and force, and enhancement
of sensitivity and lift-off through semiconductor strain gauge, magnetic resonance coupling,
and LDC-based system. The next chapter will present the investigation of using LC resonance

sensing for wireless force measurement.
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Chapter 3. Investigation of Using L.C Resonance Sensors for Wireless Force

Measurement

This chapter conducts the investigation of applying LC resonant sensors for wireless force
measurement (WFM). A brief introduction of the relevant research progress in WFM was
described. The measurement principle of LC resonance sensing for WFM was presented.
Afterwards, the LC resonance sensor and the LDC1614-based resonant frequency measurement
system was designed and developed. Experimental study including repeatability tests,
comparison of strain gauges and LC resonance sensor, lift-off influence, and aspect ratio of

inductance coils were performed to verify the application of LC resonance sensors in WFM.

3.1 Introduction

Although the ECT-based methods can evaluate the stress, they used the discrete driver and
detection modules and the sensitivity and signal noise to ratio (SNR) is low. Operating the ECT
probe at frequencies close to its electrical resonance can enhance the sensitivity and SNR
through measuring the shifting of electrical resonant frequency as the impedance at this
frequency can reach the maximum [182]. However, the resonance frequency is dependent on
the capacitance of the coaxial cable and adjacent coil turns, especially at high frequencies. It is
susceptible to external factors such as the distortion of cables and parasitic capacitance due to
temperature change. The tune of resonant frequency is tough as the cable length is fixed. Like
ECT performing at the electrical resonance, inductor-capacitor (LC) wireless passive sensors
are also based on the measurement in the shift of the resonant frequency. They have been
successfully utilized on strain measurement [126, 183]. An LC sensor consists of an inductor
coil and a sensing capacitance where the capacitance changes in response to parameters of
interest, with a shift in its resonant frequency [126]. An additional readout coil connected to a
vector network analyser (VNA) can be used to interrogate LC sensors and detect the frequency
shift by monitoring the impedance change and return loss of the readout coil. Most research on
LC sensors concentrates on the design of sensing capacitors using advanced materials such as
polymer, graphene, multiwalled carbon nanotubes (MWCNs), nanocomposite, and
polydimethylsiloxane (PDMS) [127, 132, 133, 184]. The induction coil in those studies only
plays a role of signal transmission rather than sensing. The presence of metals has a significant
influence on the performance of LC sensors as they can shield electromagnetic waves and affect
the signal readout [185]. During wireless interrogation via a readout coil using an impedance
analyser or VNA, nearby metals induce eddy currents. These currents generate opposing

magnetic fields that counteract the magnetic fields in LC sensors, resulting in detuning of the
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resonant frequency, attenuation of the sensor’s amplitude, and reduction in the maximum
readout distance. This limits LC sensors for further application on metallic objects. Although
the approaches above have shown significant progress for strain measurement, they require a
sweeping frequency to measure the resonant frequency that is time-consuming, and the

measurement platform is bulky and costly.

There is limited research using LC inductive sensing to measure the stress on ferromagnetic
materials. For example, Chen et al. proposed a stress measurement method for steel strands
based on the inductance variation in LC resonance[186, 187]. The steel strands were regarded
as the inductance component and changed the resonant frequency in response to stress. A set of
discrete measurement systems including a resonance circuit, and a frequency meter were used
in his research. As a result of the development of both the frequency output sensor and
inductance to digital converters (LDCs, Texas Instruments, USA) [163] ,the resonant driver and
frequency measurement of LC sensors can be achieved in an integrated module. LDCs-based
measurements do not need any external instrument such as a signal generator, power amplifier,
data acquisition device, VNA or oscilloscope, which have previously been applied for the
research of displacement sensors, inductive tactile and soft angle sensing, angular displacement,
defect detection, and human-robot interaction [173, 175, 188-190]. In contrast to a VNA, LDCs

are miniaturized, portable, and cost-effective.

This chapter describes for the first time the use of LC resonance sensing based on material’s
electromagnetic properties and LDCs for force measurement of ferromagnetic materials. The
work provides a preliminary study on the application of non-contact measurements for wheel-
rail forces. The induction coil was used for sensing the change in electromagnetic properties in
response to the loading force and with an adjusted capacitance to change the resonant frequency.
within comparison to traditional ECT methods and LC sensors interrogated by an extra readout
coil, this new system had advantages of low cost, miniaturization, high resolution, fast response,
and excellent sensitivity. The LC resonance sensor was initially designed to connect to an LDCs
module to measure the force applied on a ferromagnetic specimen during uniaxial tensile tests.
Repeated tests were carried out and the results are compared to those with strain gauges. In

addition, lift-off influence and different structures of the coils were compared for sensitivity.

3.2 Principle of Force Measurement using LC Resonance Sensing

LC resonance sensing can be used to measure wheel-rail contact forces by detecting changes in
the electromagnetic properties (permeability and conductivity), as shown in Figure 3.1. The

change can be wirelessly sensed by an LC resonance sensor through electromagnetic induction.
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The resonant driver module outputs AC currents to make the LC sensor resonate, inducing a
time-varying magnetic field around the inductance coil. When a test specimen under force is
brought into the vicinity of the LC resonance sensor, the alternative magnetic fields will induce
eddy currents on the surface of the specimen, which are a function of the electromagnetic
properties and loading forces. The eddy currents then generate magnetic fields opposed to the
original fields produced by the inductance coil, thus changing the inductance of the LC
resonance sensor and the corresponding resonant frequency. The frequency counter is used to
measure the frequency representing the force loading on the specimen. LDCs integrate both the

resonant driver circuit and frequency measurement of LC resonance sensors.
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Figure 3.1 Principle of LC resonance sensing for wheel-rail forces and the equivalent circuit

Since the electromagnetic properties of the wheel are dependent on its electrical conductivity
and permeability, this system can be applied to an equivalent specimen with similar attributes,
as shown in Figure 3.1. The specimen can be represented by a series resistance R> inversely
proportional to the electrical conductivity o, and an inductance L; relative to the permeability
1. When applying a force on a specimen, both ¢ and u change, which in turn causes changes in
R> and L. The LC sensor can be regarded as an LC tank consisting of an inductance coil L; and
a capacitor C. Ry represents the series resistance of the coil. According to the Norton’s theorem,
the series Ry, can be transformed into the parallel resistance, R, (R,=Li/(RsC)). The value of R,
decides the drive current. The larger R, the lower the drive current. M is the mutual coupling
between the inductance coil L; and the equivalent inductance L. of the specimen. It is described

as follows:
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M=k|JLiL,(0<k<1) (3.1)
where k is the coupling coefficient of L; and L>. It is dependent on the lift-off d (the distance

between the LC sensor and the specimen).

According to Kirchhoff’s voltage law (KVL), the equivalent circuit model between the

inductance coil of the LC sensor and the specimen can be presented as:

R +jol,  —joM ][§1]= Uy (3.2)

—joM R, + jwlL,
where Up is the driver voltage provided by the LDC device; i; is the current through the

inductance and i> is the induced current on the specimen; w is the resonant angular frequency.

Through solving Equation (3.2), the impedance Z of the inductance coil under the interaction
with the specimen due to eddy currents is described as [39]

2M2

Z="=Ri+5—> Rz +jw(ly — RErw?il Ly) (3.3)

iy R2+ 2L2

= Req + ]a)Leq
where R, and L., represent the equivalent series resistance and inductance, respectively. They
are extracted in Equation (3.4) and (3.5). It can be seen that both R, and L., are functions of o

and u dependent on the loading force.

w2 M? ®?k?L1Ly (U(Floaq))

Req = RS + R%+0)2_L% RZ = RS + sz%(ﬂ(Fload)) (3.4)
R2(0(Fload)) ¥R (atFroan)
w?M? %
Leq =11 =z L2 —L1(1—m (3.5)
w2L5(1(Floaa))
The parallel equivalent resistance Rpeq after considering the interaction is written as:
Leq
Rpeq = ——+ (3.6)

ReqC
Research outcomes in [104, 105, 111, 119] suggested that the change in permeability primarily
affects the coil’s inductance at low frequencies but have little influence at high frequencies. As
magnetization dominates at low frequencies, and eddy currents dominate at high frequencies
[111]. It means the change in permeability due to loading at high frequencies can be ignored,
and only conductivity o is left as a factor. When a force Fioaa 1s applied to a specimen, it is
assumed to be positively correlated to the change in conductivity. Since conductivity is
inversely proportional to resistance, R; is inversely proportional to Fioas. Assuming the lift-off

is fixed, Equation (3.5) can be further simplified as

b b(Fioad)?
Leg = a(1 ———2+—) = a(1 — 2fioadl (3.7)

1+c > (Floaa)?+c
(Fload)

51



where a, b, and c are coefficients related to the inductance at zero force loading, the coupling
efficient, and w’L>’ respectively. It can be deduced from Equation (3.7) that as the load Fioua

increases, Le, decreases and vice versa.

The resonant frequency f.s of the LC resonance sensor, determined by L., and C, is derived as
Equation (3.8). Through LDC’s frequency counter, the resonant frequency can be measured and
thus the inductance is determined.

1

fres = P (3.8)

3.3 Design of LC Resonance Sensor

When designing an inductance coil for an LC resonance sensor, inductance, frequency of
operation, coil geometry including shape, layers, and turns, substrate materials, trace width, and
trace spacing. An LC resonance sensor based on electromagnetic induction was designed and
fabricated on a PCB board. Table 3.1 shows the parameters of the LC resonance sensor. This
sensor can be used to measure wheel-rail contact forces by detecting changes in the
electromagnetic properties of the wheels. As shown in Figure 3.2, the sensor was composed of
a parallel capacitor and a dual-layer rectangular PCB inductance coil. A rectangular coil was
found to be more sensitive to the directional force [112, 113]. The inductance coil was 29.0 mm
long, 19.0 mm wide, and 1.6mm thick. It was around 36 pH in the air with a quality factor of
20. Moreover, the rotation of the coils in the top and bottom layers were opposed to enhance
the magnetic fields and increase the overall inductance. For the capacitance, a COG/NPO-grade
0603 capacitor with 330 pF was selected since it had the advantages of the highest ceramic
dielectric, minimal aging shift, excellent temperature stability, and low ESR (equivalent series
resistance). The inductance and capacitance in air led to an initial resonant frequency of 1.460

MHz.

Table 3.1 Parameters of the LC resonance sensor

Parameter Value
Length 29.0 mm
Width 19.0 mm
Thickness 1.6 mm
Turns per layer 23.0
Layers 2.0
Trace width 6.0 mil
Spacing between traces 9.0 mil
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3.4 LDC1614-based Resonant Frequency Measurement System

To drive the LC resonance sensor, an LDC1614-based resonant frequency measurement system
was developed, as shown in Figure 3.3. It was composed of interfaces to LC resonance sensors,
an LDC1614, IC interfaces to the microcontroller, and a MSP430 microcontroller. LDC1614
was a 28-bit inductance to digital converter (LDCs) chip with 4 channels for inductive sensing
solutions. It integrated a driver circuit with a frequency counter for LC resonance sensor
excitation, frequency measurement, and I’°C communication. The LDC1614 drove the sensor
with AC currents to interact with the specimen, and the sensor resonated at its resonant
frequency. It supported a wide range of LC resonance sensor frequency, from 1 kHz to 10 MHz.
Figure 3.4 shows the frequency measurement principle by using a crystal, counter, Schmitt
triggers, and gates. An input signal is connected by a frequency divider and then goes through
a Schmitt trigger which converts the input signal to trigger pulses. Similarly, a crystal signal is
connected to a frequency divider and a Schmitt trigger as the reference to provide gate-on time
to count the number of trigger pulses from the input signal passing through the gate, and the
frequency is measured. Table 3.2 presents the registers of LDC1614 which determine whether
the LC resonance sensor can work properly. RCOUNTO determines the conversion time. A

longer conversion time provides a higher resolution measurement. SETTLECOUNTO sets the
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settling time to allow the LC resonance sensor to stabilize before the initiation of a conversion.

DRIVE CURRENTO configures the drive current for the LC resonance sensor. The proposed

LDC1614 system has the advantages of being compact, low-cost, portable, and not requiring

analogue digital converters (ADCs). The MSP430 was responsible for controlling register

configurations, processing, and transmitting

the conversion results via I?C and USB interfaces.
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Figure 3.3 LDC1614 experimental measurement board
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Table 3.2 Registration description
Address Name Description
Channel 0 MSB conversion result (counter
0x00 DATAO0_MSB
value)

0x01 DATAO_LSB Channel 0 LSB conversion result
0x08 RCOUNTO Reference count conversion interval time
0x10 SETTLECOUNTO Channel 0 conversion settling
0x14 CLOCK_DIVIDERSO Reference and sensor divider setting
Ox1E DRIVE_CURRENTO Sensor current drive configuration
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3.5 Experimental Study and Results

To investigate the feasibility of the proposed LC resonance sensor based on LDCs for force
measurement of ferromagnetic materials, experimental studies including definition of
experiment set-up, reliability and repeatability tests, comparison with strain gauges, lift-off
influence, and aspect ratio of the inductance coil for the sensitivity of the LC sensors were

undertaken.
3.5.1 Experimental Set-up

Figure 3.5 depicts the experiment set-up implemented using the LDC1614-based measurement
system and the SHIMADZU Autograph AGS-100kNX tensile testing machine. A dog-bone
specimen made of carbon steel C50, with dimensions of 250.0 mm in length, 30.0 mm in width,
and 3.0 mm in thickness, was used for the force loading test. The width of the specimen was
relatively larger than that of the inductance coil which could reduce edge effects [69]. C50 has
the similar material properties to those of rail wheels. The mechanical properties of C50 are
provided in Table 3.3. The LC resonance sensor was driven and measured using the LDC1614-
based measurement system, which consisted of an LDC1614 chip and an MSP430 chip. In the
study, only channel 0 was used as it can provide a high current sensor drive for a current greater

than 1.5 mA and the minimum requirement of Ry, is 250 Q [163].

During the tensile test the specimen was clamped using wedge grips and loaded by the testing
machine. Both the upper and lower wedge grips were well aligned with each other and
maintained their alignment during the test. The width of the grip section of the specimen was
equal to the width of the wedge grip face, ensuring that the specimen under tensile load only
underwent changes along the loading direction and did not cause misalignment with the sensor.
The load cell monitored the loading force and raw data was logged. The LC resonance sensor,
connected to LDC1614, was kept at a predetermined lift-off from the specimen. PC GUI
software was used to configure LDC1614 registers and receive the conversion data from the
LDC1614-based measurement board via USB. To prevent electromagnetic interference, a pair
of shielding cables were used to connect the LC sensor to LDC1614 channel 0. As the specimen
was loaded, the LDC1614 collected data. In addition, a commercial strain gauge indicator was
used as the reference measuring the force loading on the specimen. The strain gauge was 350

Q and had a measurement range of £31000 pe with 1pe resolution.
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Figure 3.5 Experiment set-up diagram and practical photograph

Table 3.3 Mechanical properties of carbon steel C50 (250 mm x 30 mm x 3 mm)

Property Value

Yield strength (MPa) 330.00

Young’s modulus (GPa) 190.00

Ultimate strength (MPa) 660.00
Poisson’s ratio 0.29

Elongation at break 14.00%

3.5.2 Repeatability Tests

To improve test stability and repeatability and eliminate compressive forces on specimens due
to testing grips, a 4 kN pre-load was adopted [186]. The test proceeded from 4 kN to 26 kN,
with steps of 1.5 kN. The crosshead speed of the testing machine was set to 0.5 mm/min. When
the testing machine applied the force on the prepared specimen, the LDC1614-based
measurement system started working. SETTLECOUNTO and RECOUNTO were set to 400 and
6500 respectively. The high current sensor drive mode was enabled and the value for
DRIVE CURRENTO was 24 at a lift-off of 0.5 mm. Each time the loading force was increased

by 1.5 kN, the testing machine held for 30 seconds for signal alignment and processing. To
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obtain the repeated results, the interval between each test was set for 30 minutes. Although the
thickness and width of the specimen may change under force, their influence on the the output
of the LC sensor can be neglected due to the capability of LDC1614. Figure 3.6 (a) shows the
applied loading force from the testing machine for three repeats, with each loading force applied
for a period of time. Figure 3.6 (b) shows the corresponding response outputs from the LC
resonance sensor at each loading force applied. It can be observed that the output frequency of
the LC resonance sensor varied with the loading force, and exhibited good repeatability.
However, there are several spikes in several regions that appear to be abnormal comapred with
the values around them. These spikes could be attributed to noise and environmental
interference, and can be considered as outliers that can be removed by signal processing. Figure
3.7 represents the flowchart of the data processing steps used to establish the relationship
between the loading force and the resonant frequency. During each hold stage, the loading force
and the corresponding frequency were extracted by segmenting and aligning the data. Outliers
were removed from the data first, and then the mean of the force and the frequency during the
hold stage were calculated. Finally, the relationship between the force and the frequency was

established.

Repeatability tests validated the reliability of an LC resonance sensor for force measurement
by demonstrating its ability to produce consistent output signals, typically shifts in resonant
frequency, under repeated applications of the same force. These tests confirmed the sensor’s
precision and stability by assessing whether the force-to-frequency response remained
unchanged over multiple trials, thereby indicating minimal influence from noise, hysteresis, or
material fatigue. Reliable repeatability ensured that the sensor could be trusted to deliver
consistent measurements over time, which was essential for applications requiring accurate and

repeatable force monitoring.
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3.5.3 Comparison of Strain Gauge and LC sensor Measurements

Figure 3.8 shows the curves of strain and the resonant frequency versus loading force with error
bars for three tests. As shown in Figure 3.8 (a), the strain gauge sensitivity was 52 pe/kN from
the fitting curve. The strain was proportional to the force. The response of the strain gauge
proved the specimen experiencing from the force and the strain increases as the load increase.

Figure 3.8 (b) was the resonant frequency of the LC resonance sensor versus force with error



bars for three tests. By combining the measured data with Equotion (3.7) and (3.8), the
coefficients a, b, and ¢ can be determined. The values of a, b, and ¢ were 21.262, 0.062, and
327.749, respectively. The fitting curve was presented in Figure 3.8 (b). The relationship
between the resonant frequency and the force, was that as the specimen’s loading force
increases, the resonant frequency also increases. This can be explained by the fact that the
loading force increased the conductivity, which in turn increased the intensity of eddy currents,
thereby decreasing the inductance and increasing the frequency. This findings was in agreement
with the assumption in Equation (3.7). The results presented in Figure 3.8 (b) demonstrated that
the force loading on a ferromagnetic material can be wirelessly measured by measuring the
variation of electromagnetic properties. Compared with the standard deviation of strain versus
force, the proposed LC resonance sensor had a lower standard deviation, indicating its potential

for accurate and relible force measurement.
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Figure 3.8 (a) Strain-loading force curve with error bars (b) Resonant frequency of LC

resonance sensor versus force with error bars at lift-off of 0.5mm
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3.5.4 Lift-off Influence

To study the effect of lift-off for the measurement sensitivity, the tests were performed with lift-
offs of 0.5 mm, 1.0 mm, 2.0 mm, and 3.0 mm. Figure 3.9 presents the comparison of the
resonant frequency difference versus force at different lift-offs, with dash-dot lines representing
the fitting curves. The frequency difference was obtained by subtracting the first measured
frequency from the measured frequencies for each test, resulting in all the curves starting from
the same point for ease of comparison in different situations. In order to make the comparison
easier, linear fitting was used, and the slope K represented the sensitivity of frequency against
force. The lift-off of 0.5 mm showed the highest sensitivity with 1640 Hz/kN, whereas the
sensitivity decreased to 180 Hz/kN when the lift-off was 3.0 mm. A lower lift-off resulted in
higher sensitivity because it increased the intensity of electromagnetic induction between the

LC resonance sensor and the specimen.

In real applications, maintaining a constant lift-off is challenging because of the dynamic
motion, and surface variability. However, the change caused by lift-offs can be compensated

using an extra sensor to measure the lift-off to current the primary sensor output.
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Figure 3.9 Frequency versus loading force under different lift-offs
3.5.5 Aspect Ratio Study of Inductance Coil

The inductance coil at different aspect ratios of LC resonance sensors was studied to compare
the sensitivity for force measurement. In addition to the previously used rectangular coil with
an aspect ratio (W/L) of 1.0:1.5, two further coils with the ratio of 1:1 and 1.0:2.0 were prepared.
These are shown in Figure 3.10; they had the same width with 19 mm and the same turns.

Considering the minimal drive requirement of LDC1614 for the three inductance coils, a
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capacitor with 220 pF was selected as it provided a relatively large R, value at this level and the
LC resonance sensor can resonate normally. The tests maintained the same specimen, force
configuration, and lift-off configuration. Two lift-off tests were performed to verify the
consistency of the test. Figure 3.11 (a) and (b) illustrate the relationship between the frequency
difference and force regarding the three types of LC resonance sensors at lift-offs of Imm and
0.5mm. The frequency difference was obtained by subtracting the first measured frequency
from the measured frequencies for each test. Table 3.3 displays the sensitivity comparison in
the region I and II of Figure 3.11 for the compared coil structures. Based on the derived
relationship between the inductance and the loading force in Equation (3.7) and (3.8), when the
force Floaa was much larger than ¢, L., was tending to a constant, and the resonant frequency
was approaching a constant. It meant when the force continued to increase, it did not contribute
to the output of the LC resonance sensor. Thus, to compare their sensitivity through linear fitting,
the relationship of ¢ and loading force (Fioqs)* can be used to divide the signal into region I and
II. The region I shows the condition that ¢ is larger (Fioas)* and region II shows c is gradually

smaller than (Fjqq)* and eventually was ignored when Fioqq kept increasing.

In terms of the region I, before 15.5 kN, the square coil had a higher sensitivity with 3809
Hz/kN at 1.0 mm lift-off and 4694 Hz/kN at 0.5 mm lift-off, compared with the rectangular coil
and the long rectangular coil. The latter two had similar sensitivity in this range. However, in
region II, after 15.5 kN, the long rectangular coil demonstrated the highest sensitivity with 966
Hz/kN at 1.0 mm lift-off and 1875 Hz/kN at 0.5 mm lift-off while the square coil had the
smallest sensitivity with 446 Hz/kN at 1.0 mm lift-off and 850 Hz/kN at 0.5 mm lift-off. In
region I, the force's weight was smaller than the coefficient ¢, so an increase in force could
result in a relatively large change in the output. However, as the force continued to increase in
region II, the weight of force gradually became larger than c, leading to a slower rate of change
in the output. Overall, the long rectangular coil was preferred in the elastic range, it had a
consistent sensitivity and a large response range. It can conclude that the aspect ratio of the
inductance coil influenced the directional sensitivity of the LC resonance by shaping the
magnetic field distribution. As the applied force was unidirectional, a smaller aspect ratio
corresponded to a longer inductance coil, resulting in a longer eddy current parallel to the
loading direction of the specimen, which exhibited a wider response range from the

experimental results.

61



Square coil (W/L=1:1)

Rectangular coil (W/L=1:1.5)

Long Rectangular coil (W/L=1:2)

Figure 3.10 Three coil structures with the same width and different length
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Figure 3.11 Frequency versus force of three coil structures at: (a) lift-off=1.0 mm. (b) 0.5 mm

Table 3.4 Sensitivity comparison for the three coil structures at different lift-off
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Lift-off 1.0 mm 0.5 mm

Region I II I II
Square coil (Hz/kN) 3809 446 4694 850
Rectangular coil (Hz/kN) 3153 506 3974 1255
Long rectangular coil(Hz/kN) 3049 966 3755 1875

3.5.6 Discussion

The proposed LC resonance sensor based on LDCs proves that the force loading on a
ferromagnetic specimen can be measured wirelessly via the measurement of a specimen’s
electromagnetic properties due to the eddy current effects. It demonstrates the possibility to
replace the current use of strain gauges for measuring wheel-rail contact forces. In addition, it

can be used to monitor the stress status of test materials in other situations.

The loading force not only changes the electromagnetic properties of the specimen but also
causes dimensional changes. Specifically, when a force is applied along the longitudinal
direction, both the thickness and width of the specimen change. However, these changes have
a weak effect for the output of the LC resonance sensor compared to the changes in specimen’s
properties. This can be verified by the fact that the resonant frequency of the LC resonance
sensor increases as the force increases. As the force increases, the specimen tends to become
thin and narrow in the transverse and lateral directions. This should increase the lift-off and
therefore increases the inductance of the LC sensor, causing the resonant frequency to decrease.
However, this is contrary to the experiment results. Additionally, the variation in the lateral and
transverse dimensions is on the order of tens of nanometres, which is out of the measurement
range of the system. As a result, lift-off due to transverse and longitudinal deformation of the
specimen is neglected. The current LC resonance sensor can only respond to the force when the
lift-off is below 1.0 mm, making it difficult to carry out wheel-rail force measurement in real-
word situations. Future investigation is necessary to develop an LC resonance sensor capable
of working at a high lift-off while maining a high sensitivity. The LC resonance sensor has
limited measurememnt range and sensitivity dependent on the intrinsic characteristics of LC
resonance sensor according to Equation (3.7), such as the initial inductance, coupling efficient,
and electroelastic coefficient (stress coefficient of the electrical conductivity). The design of the

LC resonance sensor should take these factors into account.

Furthermore, lift-off significantly influences the useful measurement information. The

separation and compensation of lift-off variations and force information is crucial. In this study,
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only the resonant frequency is measured and the equivalent parallel resistance Ry, 1S not being
used. Measuring Rpeq in the future could assist the seperation of lift-off effects. Additionally,
the aspect ratio of the LC resonance sensor influences sensitivity, which is affected by the
direction of loading forces. Practical wheel-rail contact forces have different directions, so the
design of LC resonance sensors should be directional and provide decoupling of the measured

forces.

3.6 Chapter Summary

In this paper, an LC resonance sensing system for non-contact force measurement was
presented, based on the material’s electromagnetic properties due to eddy current effects.
Through uniaxial tensile tests on the specimen, it demonstrated the feasibility of non-contact
force measurement using the LC resonance sensor. The resonant frequency of the LC sensor
had a monotonic relationship with the force. The lift-off and the aspect ratio of coils were also
studied. It was found that the change of lift-off has a clear effect on the sensitivity of the LC
sensor. Specifically, a lower lift-off, such as 0.5 mm, had a higher sensitivity with 1640 Hz/kN
due to the enhanced eddy current density. Additionally, the study concluded that the long
rectangular coil structure (W/L=1:2) was better than the other two for directional force
measurement. Overall, these findings provide the design rules and working performance of LC

sensors used for force measurement.

This chapter demonstrated that the rectangular LC resonance sensor successfully achieved
WFM by measuring the resonant frequency using the LDC1614-based system to represent the
applied force. However, similar to ECT, this approach is also influenced by lift-off which can
result in misinterpretation between lift-off and force. Additionally, the LDC1614 can only
measure the resonant frequency, omitting the equivalent parallel resistance. The next chapter
will focus on the measurement and separation of lift-off and force using an orthogonal LC
resonance sensor, LDC1101-based multi-parameter measurement system, and isoparametric

coordinate transformation algorithm.
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Chapter 4. Measurement and Separation of Forces and Lift-Offs Using
LDC-Based Orthogonal LC Resonance Sensors and Multiple Parameters

This chapter addresses the separation issue of lift-off and force based on the orthogonal LC
resonance sensors, the developed LDC1101-based multi-parameter measurement system, and
an 8-node isoparameteric quadrilateral transformation algorithm. The state-of-the-art progress
in the measurement and separation of ECT-based technology was introduced. The principle of
LDC-based orthogonal LC resonance sensing principle and separation of force and lift-off were
then described. Finally, Experimental set-up regarding force tests at different lift-offs was
conducted and the separation using the 8-node isoparametric coordinate transformation was

implemented.

4.1 Introduction

The previous work demonstrated that the force can be wirelessly measured by assessing the
electromagnetic properties of the testing sample using LC resonance sensors, which rely on the
measurement of resonant frequency [191]. LC resonance sensors are affected by lift-offs as they
depend on electromagnetic induction. Lift-off is the distance between the sensor and the test
object. Vibration or unevenness of a surface in real environments causes a change in lift-off,
which in turn influences the measurement information. The lift-off effects pose a challenge on
identification of the measured parameter. Many researchers have been involved in reduction,
elimination, compensation, and separation of these effects in the past few decades [80, 110,

192-200].

Lift-off invariance (LOI) describes the frequency or time-based signal outputs for eddy current
testing intersecting at a point where signal features such as intersection time or amplitude are
independent of lift-off variations. LOI has been employed for conductivity, permeability, and
thickness measurement [110, 194, 195]. Nevertheless, determining LOI points is subjective, as
LOI may not occur at a specific point but rather within a range. The extraction of LOI features
is also difficult as it requires multiple lift-off tests to attain the intersection information, thereby
making it hard to achieve industrial applications. Applying LOI to LC resonance sensors is not
feasible because these sensors measure the resonant frequency or the equivalent impedance of
the resonance signal, rather than time-sequence or frequency sweeping signals [191, 199]. In
addition to LOI research, analytical solutions, and mathematical normalisation processing are
studied to minimize lift-off effects. To eliminate lift-off in conductivity measurement,
Dziczkowski proposed an algorithm based on solving two parameters by measuring the change

of coil resistance and inductance; one parameter was the ratio of the distance between the coil
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and the normalised half-space, while the other depended on conductivity and the angular
frequency of the coil current [193]. Fan et. al. developed a model-based inversion method for
lift-off reduction in characterization of conductivity and thickness of a nonmagnetic plate [198].
A normalisation method by means of two reference signals to reduce lift-off issue was
demonstrated [197]. Ma et.al. proposed a dual signal conditioning system consisting of a bridge
and transformer to realize multiple parameters measurement for lift-off reduction and
separation [80]. These methods applied complex mathematical solutions and post-processing
algorithms to deal with lift-off issues, leading to a complicated usage condition. At high-
frequency apparent eddy current conductivity (AECC) spectroscopy, a four-point linear system
calibration was performed on two reference calibration blocks with high and low conductivity
respectively, at two different lift-offs [120, 200]. The measured conductivity was estimated
through simple linear interpolation in the established calibration impedance curves. Later, after
taking lift-off non-linearity into account, a six-point semi-quadratic system calibration was
developed which further decreased measurement sensitivity to lift-off [201]. This calibration
method was based on coordinate transformation of isoparametric quadrilateral elements [202].
By combining the measurement values at calibration points with appropriate shape functions,
the measurement coordinate was transformed into the calibration coordinate in which
conductivity and lift-off were separated [199, 203]. However, while significant progress has
been made in addressing lift-off problems, most efforts mainly focused on thickness or
conductivity measurement on non-magnetic specimens. There is almost no research on lift-off
variations of ferromagnetic materials under stress since most electromagnetic methods need a
close contact between the probe and the test pieces [114, 204]. LC resonant sensing operated in
steep impedance variations, significantly enhancing detection sensitivity and detection range
[179, 205]. To extend the previous research and take into lift-off separation into consideration,
an LDC-based orthogonal LC resonance sensor in this chapter, combined with an 8-node
quadrilateral interpolation method, was proposed to achieve the measurement and separation of

forces and lift-offs in the ferromagnetic sample.

4.2 Principle of the LDC-Based Orthogonal LC Resonance Sensor for Force

Measurement

An LC resonance sensor consists of an inductor coil and a parallel capacitor that together
determine the resonant frequency (Frequency) and equivalent parallel resistance (Rp). The
principle of using an LC resonance sensor to measure the force is based on the changes in the
electromagnetic properties (conductivity o, and permeability ) of the specimen. When a

specimen is subject to the force, its electromagnetic properties change due to inverse magneto-
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strictive effects [114] and piezoresistive effects [113]. An LC resonance sensor excited by an
alternating current resonates at the resonant frequency and generates primary magnetic fields,
which interact with the specimen and induce eddy currents on its surface. The eddy currents are
a function of the lift-off and the electromagnetic properties [69]. These eddy currents generate
its own magnetic fields (secondary magnetic fields) that oppose the original fields. Due to
mutual coupling of these magnetic fields, the equivalent inductance L, and resistance Ry of the
inductor coil varies, leading to changes in the resonant frequency and R, of an LC resonance
sensor. By measuring them, it is possible to characterize the force applied to the specimen as
well as assess lift-off. Figure 4.1 shows the schematic diagram of the proposed LDC1101-based
orthogonal LC resonance sensing for force measurement. There are two LC resonance sensors
positioned in a parallel and perpendicular direction to the specimen respectively, forming an
orthogonal LC resonance sensor. They provide multiple measurement parameters about the
force and lift-off in different directions which contribute to the separation of force and lift-off.
To minimize mutual interferences, these two sensors work in sequence controlled by an
ESP32S3 microcontroller (Espressif Systems). As one is selected to work, the other one is
grounded. LDC1101 injects energy into the activated sensor to make it resonate [178]. When
the specimen under loading is near the LC resonance sensors, its varying electromagnetic
properties are monitored by measuring the resonant frequency and R, of the LC resonance
sensors. The proposed LDC1101-based system measures the resonant frequency and monitors
the energy injected into the sensor to obtain R,;. Forces and lift-offs are then obtained from the

measured resonant frequency and Rp,.
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Figure 4.1 Schematic diagram of LDC1101-based orthogonal LC resonance sensing for force

measurement
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Figure 4.2 Equivalent circuits of LC sensors and the sample

Figure 4.2 presents the equivalent transformer model of two LC resonance sensors and the
sample. Since only one sensor is active at a time while the other one (the inactive one) is
grounded, this process is reflected in the time division signals. Grounding the inactive one
creates an incomplete closed loop, which helps eliminate the eddy current effects and minimize
the coupling effects. Thus, the mutual coupling M;> between the transverse and vertical LC
resonance sensors is ignored. As shown in Figure 4.2, the impedance of each inductor coil does
not take M, into consideration. Equation (3.3) shows the impedance Z; of each inductor coil,
where i denotes the sensor number; Ry is the equivalent series resistance of the coil and w is
the resonant angular frequency; Equation (3.1) represents the mutual coupling of the inductor
coil and the sample, dependent on the coupling coefficient £; that is affected by the lift-off d; R.
and L. are the resistance and inductance of the induced eddy current loop, respectively [69]. Ly
is the equivalent series inductance of the coil. In Equations (3.4) and (3.5), Reqiand L.y represent
the equivalent series resistance and inductance of the inductor coil, respectively, in response to
the sample’s conductivity and permeability. Since the resonant frequency of the sensor is in the
MHz range, permeability variations due to loading are disregarded as eddy currents dominate
at high frequencies [119, 206], thereby only considering conductivity o. According to Norton’s
theorem, LC resonance sensors are transformed into an RLC parallel model, where R,; describes
the equivalent parallel resistance, and it is presented by Equation (3.6). Equation (3.7)
demonstrates the resonant frequency (Frequencyi) of an LC sensor in which Cp; is the parallel

capacitor.
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4.3 Separation of Force and Lift-off by Isoparametric Quadrilateral Transformation

The LDC1101 measurement system provides four parameter outputs, R,;, the resonant
frequency 1 (Frequencyl), R,2, the resonant frequency 2 (Frequency2), representing the
responses of the LC resonance sensors to loading forces in transverse and vertical directions.
Properly arranging them helps to extract force and lift-off parameters. The four-point and six-
point calibration methods have been demonstrated in effectively removing lift-off effects in
conductivity measurement through linear and semi-quadratic interpolation [199, 200]. These
methods originate from isoparametric quadrilateral elements, which have been widely used in
finite element analysis (FEA) to simplify the model and reduce the calculation complexity [202].
The isoparametric quadrilateral elements used in our study are established by measuring the
outputs of the sensors while varying the lift-off and force, respectively. The specimen under the
force (within the elastic region) changes the lift-off, but this kind of variation is ignored since
it is too small (nanometre scale), unable to be measured by the LDC1101 measurement system.
Also, the direction of the force loading and lift-off variation is perpendicular in space. The force
loading is along the longitudinal direction of the specimen while the lift-off variation is along
the transverse direction. Therefore, it is assumed that lift-off and force have independent effects
on the sensor characteristic curves and maintain a monotonic relationship with the sensor
outputs. At a certain lift-off, regardless of how much force is applied and causes the change in
electromagnetic properties, the lift-off remains constant. Similarly, at a certain applied loading
force, regardless of how the lift-off varies, the force remains constant. Based on these two
conditions, an §-node quadrilateral interpolation method is proposed to separate force and lift-

off, as shown in Figure 4.3.
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Figure 4.3 (a) Measurement Cartesian x-y coordinate (b) Mapped &-n coordinate

Figure 4.3 (a) shows the measurement Cartesian x-y coordinate, which is constituted by any
arrangement of Rp;, Frequencyl, Ry, Frequency?. Figure 4.3 (b) is the transformed &7

coordinate. There are 8§ selection calibration points that cover the measurement range of force
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sand lift-offs. Therefore, a mapping relationship is established, (x7, y1) to (-1, -1), (x2, ¥2) to (1,
-1), (x3, y3) to (1, 1), (x4, y4) to (-1, 1), (x5, ¥s) to (0, -1), (xs, ys) to (1, 0), (x7, y7) to (0, 1), (xs,
vsg) to (-1, 0). Any measured point (x», ym) falling into the measurement Cartesian coordinate is
transformed into the mapped point (&x, #,) in the mapped coordinate by selecting proper shape

functions [199, 201]. Here, the selected 8-node shape functions N; (i=1, 2, ...,8) are described

as follows:
N ==(1-HA-nA+7+) (4.1)
N, ==1+HA-nA+n-7) (4.2)
Ny ==(1+OA+mMA-n-7) (4.3)
Ny==1=-HA+nA-n+7) (4.4)
Ns=2(1-&)(1—1) (4.5)
Ng=>(1+5HA—-7?) (4.6)
N, =2 (1 - &)1 +1) (4.7)
Ng=2(1—-8)(1—-n?) (4.8)

The mapped point can be obtained by solving the following equations:

XNy =y 4.9)

Y1y Ny =ym (4.10)
The solved & and 7, represent the force and lift-off respectively. It is observed from Figure 4.3
(b) that the force remains constant as the lift-off distance changes, and similarly, the lift-off

distance remains constant as the force changes.

4.4 Development of Multi-parameter Measurement System and MATLAB-based GUI

A multi-parameter measurement system based on ESP32S3, LDCI1101, and multiplexer
TMUX1134 was developed. Figure 4.4 shows the block diagram where TMUX1134 is
connected to ESP32S3 to control which LC sensor to work while grounding the other one. As
two LDC1101s share the same SPI wires, only one chip is selected every time. Data collected
from LC resonance sensors are sent to MATLAB GUI via USB for data visualisation and
storage. There is a schematic diagram in Figure 4.5 which presents the actual design for wiring
LDC1101, TMUX1134, and interfaces of ESP32S3. A 16 MHz oscillator (632L.31016M00000)
is employed for providing the reference frequency for LDC1101, which requires a consistent
impedance 50 Ohm in its pin routing. All the power supplies are decoupled by two bypass

capacitors to reduce EMI interference and regulate the circuit. Because there is a ready-made
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module for ESP32S3, only SPI interfaces and power wires are needed to connect LDC1101,
TMUX1134, and ESP32S3.
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Figure 4.4 Block diagram of multi-parameter measurement system based on ESP32S3 and
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Figure 4.5 Schematic of LDC1101-ESP32s3 based measurement system
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Figure 4.6 is the flowchart of configuring the registers of LDC1101 and reading value from it.
There are several significant registers in LDC1101 which have to be set appropriately, such as
RP_SET (0x01), TC1 (0x02), TC2 (0x03), DIG_CONFIG (0x04). RP_SET configures the
maximum and minimum range of Rp from 0.75 kQ to 96 kQ. Additionally, Rp measurements
require configure TC1 and TC2 to set internal time constants. TC1 is dependent on the minimum
sensor frequency in the system; typically, this occurs when there is no target interacting with
the LC resonance sensor. TC2 is determined by the parallel capacitor of LC resonance sensor
and minimum Rp. In register DIG_CONF, the sensor minimum frequency should be set that is
based on the lowest possible sensor range when the target has minimum interaction with the
sensor; the response time setting is also important which determines the conversion time. The
conversion time is equal to the response time divided by 3 times sensor frequency. The response
time set starts from 192, 384, 768, 1536, 3072, and 6144. A larger response time have a slower
sample rate but a higher resolution conversion. It should be a trade-off between sensor

resolution and conversion time for different applications.
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Figure 4.6 Flowchart of driving and reading LDC1101 via ESP32S3

The MATLAB-based GUI was designed in MATLAB R2023a based on MATLAB App
designer. The sensor data after collecting from ESP32S3 are transmitted to the GUI through
USB communication. In the programming of ESP32S3, the four parameter outputs, Ry,
Frequencyl, R,2, Frequency2, are printed by serial communication, respectively. The GUI read
the serial port according to the preset baud rate, COM port. The incoming data is a string
structure which contains a four-parameter label and numeric values. An expression is used to

sperate them and save in different pre-defined array accordingly. Meanwhile, these separated
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data are plotted in real-time. The GUI also features the function of measuring temperature and

humidity for further research, offering more useful data support.
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Figure 4.7 MATLAB-based GUI for data collection and display

4.5 Experimental Set-up and Results

The proposed LDC-based orthogonal LC resonance sensing system was performed via an
experimental set-up to verify force and lift-off measurement. As shown in Figure 4.8, the system
comprised a universal test machine Instron 3369, a C50 ferromagnetic specimen (250 mm in
length, 30 mm in width, and 3 mm in thickness) whose mechanical properties are presented in
Table 3.3, an orthogonal LC resonance sensor, a LDC1101-ESP32S3 based multi-parameter
measurement system, and a MATLAB-based GUI. The orthogonal LC resonance sensor
consisted of two identical inductor coils with the same number of turns and layers, but placed
in perpendicular directions, along with identical parallel capacitors. The two coils were
fabricated using printed circuit board (PCB) technology, on an 8-layer PCB board, with the first
four layers on the top being for the vertical inductor coil, parallel to the loading direction, and
the last four layers on the bottom for the transverse inductor coil, perpendicular to the loading
direction. The size of the inductor coil was 12 mm in length and 6 mm in width since directional
coils are more sensitive to forces in a particular loading direction [113]. The inductance of each
inductor coil was 17 pH at 2 MHz. Two 330 pF capacitors on the top layer were connected to
two inductor coils in parallel to form LC resonance sensors, generating a resonant frequency of
2.1249 MHz. Commencing, the ESP32S3 selected one of the LC resonance sensors and
grounded the other by controlling the channels of the multiplexer. LDC1101 then drove the

selected LC resonance sensor and measured the resonant frequency and R, when the specimen
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was loaded. After the first one was completed, switched to the next one, and then repeated in

sequence. The measured data were sent to the MATLAB-based GUI by a USB cable.

Vertical LC sensor
Transverse LC sensor

Test machine

Testing machine

fu ¢ ,f 5
J ) L
O

s I s
Orthogonal LC sensorgies

Specimen

Figure 4.8 System measurement diagram and photograph of experimental set-up
4.5.1 Force Tests at Different Lift-offs

The specimen was loaded by the tensile testing machine from 2 kN to 14 kN. There was a 2 kN
pre-load eliminating the influence of compressive force in the grips [186]. The orthogonal LC
resonance sensor was fixed at lift-offs of 1.0 mm, 1.3 mm, 1.5 mm, 1.9 mm, and 2.0 mm. After
the lift-off was set the specimen was loaded and the orthogonal LC resonance sensor begun to
work. There were 5 tests in total at the different lift offs. There were four measurement outputs,
Ry1, Frequecnyl, Rz, Frequency2, from two LC resonance sensors containing information of
forces and lift-offs from the vertical and transverse directions. Responses were shown in Figure
4.9. It was observed that R,; and R,> monotonically decreased as the force increased whereas

Frequencyl and Frequency2 exhibited a reverse trend, which can be explained by the increased
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conductivity. According to Equation (3.4)-(3.6), the increased conductivity induced a stronger
eddy current and increased the eddy current loss R4 [119], leading to a reduction of R,;. The
stronger eddy current generated a stronger secondary field which weakened the primary field
and further reduced the L.4. This, in turn, increased the resonant frequency. As lift-off varied
from a low value to a high value, the four outputs reduced their corresponding sensitivity. This
was due to the fact that the attenuated eddy current decreased the secondary magnetic field to
interact with the primary field. Compared with R,;, Frequencyl showed a better response range
after the force exceeded 8 kN while the former became unchanged. In terms of R,> and
Frequency?, their variation curves appeared similar to the previous ones, but the sensing
direction was vertical to the loading direction. It was challenging to separate forces and lift-offs
when using only one parameter. The combination of multiple parameters was necessary to

improve their separation.
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Figure 4.9 R,;, Frequecnyl, Ry2, Frequency2 versus forces at different lift-offs
4.5.2 Characteristic Planes of Rp and Frequency

Like traditional eddy current testing where impedance planes were used for analysis of defects,
conductivity, and lift-off, Frequency-R, curves were established to characterize material, lift-
off, and cracks [204]. Figure 4.10 show Frequency-R, planes of the vertical LC resonance
sensor and the transverse LC resonance sensor for force tests at different lift-offs respectively.
In contrast with a single parameter against force, Frequency-R, planes provided apparent

messages about force and lift-off variations. It was seen that the change in forces caused the
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Frequency-R, curve to shift towards the top left while the lift-off caused that curve to shift
towards the bottom right. They had reverse effects on the shift of Frequency-R, curves. One
noteworthy point was the Frequency-R, curves for the vertical and transverse LC resonance
sensors exhibited distinguishable characteristics. The former varied in a quadratic function and
the latter varied in a linear function. The difference between them was attributed to the sensing
direction. The vertical direction was parallel to the loading direction, which was more sensitive
to the force change, thereby making the Frequency-R, curves more distinct than the transverse
one. Although the transverse LC resonance sensor can measure the change in forces and lift-
offs, from the Frequency-R, curves, there were overlaps at certain points which resulted in
recognition difficulty for their respective effects. The transverse LC resonance sensor can
perform compensation measurements to help the vertical LC resonance sensor to separate the
force and lift-off. Therefore, a new combination pattern called R,;-R,2, Frequency2-Frequencyl
was proposed, as shown in Figure 4.11. Force and lift-off variations led to a pronounced
difference for R,/-R,> and Frequency2-Frequencyl curves. By plotting the curves of
Frequencyl-Ryi, Frequency2-Ry2, Ry2-Ry1, and Frequency2-Frequencyl with the same force at
different lift-offs, as shown in Figure 4.12 and Figure 4.13, they reflected the response of the
LC resonance sensors at the same loading but different lift-offs. To apply the separation method,
it is required that the sensor outputs caused by forces and lift-offs are independent, implying
that there are no intersection points between forces and lift-offs. However, Figure 4.12 (a)
presents an intersection between 2 kN and 3.3 kN which could potentially result in no solution
for the applied separation method. Figure 4.12 (b) shows multiple intersection points as the
transverse LC resonance sensor was unable to distinguish forces and lift-offs due to the sensing
direction. Fortunately, in Figure 4.13, R,2>-R,;, and Frequency2-Frequencyl planes show
promising characteristics as each applied force at different lift-offs resulted in an independent
output and there were no intersecting points. These characteristics were derived from the
similarity between two LC resonance sensors as they had the same geometrical structure and
dimensions. The dimensions of two LC resonance sensors were smaller than the size of the
specimen, which minimized the edge effects due to eddy currents [69]. This meant both LC
resonance sensors were simultaneously sensitive to the changes in lift-offs, causing their
combined pattern to be nearly linear, as shown in Figure 4.13. Additionally, the difference in
their sensing directions for forces resulted in one sensor being sensitive to force while the other

was not. These importantly showed that the application of the separation method was achievable.
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4.5.3 Separation of Forces and Lift-offs

Rp2-Ry1, and Frequency2-Frequencyl planes were appropriate options for the separation of
forces and lift-offs as they met the conditions of the separation method. Specifically, Ry2>-Ry; in
Figure 4.13 (a) had no intersection points, and the increase of forces shifted R,>-R,; curves
towards bottom left while lift-off shifted the curves towards top right. Frequency2-Frequencyl
in Figure 4.13 (b) presents a reverse phenomenon. For a single applied force, the R,>-R,; curve
or Frequency2-Frequencyl curve appeared a straight line at different lift-offs, which meant the
lift-off change was linear. For a certain lift-off, the R,2>-Rp; curve or Frequency2-Frequencyl
curve seemed to be quadratic. The fitting relationship between 7, and force was quadratic, and
the relationship between &, and lift-off was linear. Therefore, according to Figure 4.3, the data
of Rp2, Rp1, Frequency?2, and Frequencyl were extracted as the calibration points at forces of 2
kN, 6 kN, and 14 kN and lift-offs of 1.0 mm, 1.5 mm, and 2.0 mm because these ranges covered
the overall measurement range. Based on the calibration data, the remaining data were used in
Equations (4.9) - (4.10) to solve &y and . Finally, the measurement points were mapped onto
the transformed coordinate, and forces and lift-offs were calculated using Equations (4.11) -
(4.12). Figures 4.14 and 4.15 show the transformed # and & for Rp2-R,; and Frequency2-
Frequencyl in Figure 4.13, along with the forces and lift-offs accordingly. It can be observed
that lift-offs and forces were effectively separated. The transformation of Ry2-R,; for forces had
a smaller error with the maximum relative error (RE) of 18.90% compared with that of
Frequency2-Frequencyl with the maximum relative error (RE) of 22.61%. These measurement
errors can arise from the nonlinearity due to lift-off variations, and the material’s inhomogeneity
resulting from mechanical and heat treatment during fabrication [111], and the change in the

specimen’s permeability under force. Although this was neglected in our study because of high
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frequencies, it still contributed to the sensor outputs, resulting in the errors. The transformation
of lift-offs demonstrated tiny errors for both Ry2-R,; with the maximum RE of 1.17% and
Frequecny2-Frequencyl with the maximum RE of 1.66%. The transformation results are
presented in Tables 4.1 to 4.4. These results indicated that the proposed orthogonal LC
resonance system combined with the separation method was effective for the measurement and

separation of forces and lift-offs.

Forcegeasured = 2n2, + 61, + 6 (4.11)
Lift — of f_measured = 0.5(§,, —1) + 2 (4.12)

This study focused on the elastic region of the material and the measurement results were valid
only within this region as the change in material properties within this region are reversible.
The research outcomes using the separation approach are applicable within a lift-off range of 1
mm to 2 mm and a force range between 2 kN and 14 kN. Any measured lift-off and force outside
of this range necessitates a new calibration which means the measurement range for both
parameters should be known before testing. Calibration can be challenging in the practical
application since it is unrealistic to control the loading force to meet the calibration conditions
on the test objects. Considering that LC resonance sensors measure the material's
electromagnetic properties, one potential approach is the manual fabrication of calibration
blocks that represent approximate performance at the minimum and maximum ranges. The
applied loading in the test is uniaxial that simplifies the modelling of practical wheel-rail contact
forces. Force loading in multi-directions will be performed to further approach the complexity
of the real system. The characteristics of the new combination ways are derived from the
similarity between two LC resonance sensors, but they differ in their sensing direction to forces.
This similarity means both sensors are sensitive to lift-offs, but the difference in sensing
direction results in one being sensitive to force while the other is not. This distinction facilitates
the application of the separation method. The current test involves applying forces that are
parallel to the vertical LC resonance sensor, and the transverse is used as the auxiliary
measurement. Similarly, if the force is applied along the transverse direction, the vertical LC
resonance sensor is then used as the auxiliary measurement. The sensitivity and measurement
range of LC resonance sensors are constrained by Equations (3.4) and (3.5) according to their
mutual coupling correlations. Both R., and L, tend to stabilize at a certain value, despite
continued increases in the applied force. Addressing this limitation can begin with the design
of the LC resonance sensor and utilize special materials, such as metamaterials, to enhance the

induced eddy currents and magnetic fields in the area of interest [207].

79
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Table 4.1 Rp2-R,; force transformation results

Lift-off = 1.0 mm Lift-off = 1.3 mm Lift-off = 1.5 mm Lift-off =1.9 mm Lift-off = 2.0 mm
A;_Fkol\rl():e M(_lfﬁ)rce RE (%) M(_Eﬁ;ce RE (%) M(_Iflg;ce RE (%) M(_Iz\cl:)rce RE (%) M(_lfﬁ)rce RE (%)
2.0000 2.0000 0.0000 2.3460 17.3003 2.0000 0.0000 2.3885 19.4263 2.0000 0.0000
3.3000 2.7987 15.1915 3.1089 5.7906 3.2239 2.3051 3.1065 5.8643 2.6763 18.8999
4.7000 4.2654 9.2467 4.4242 5.8677 4.5240 3.7451 4.5750 2.6592 4.0931 12.9137
6.0000 6.0000 0.0000 6.0294 0.4892 6.2568 4.2807 6.2443 4.0724 6.0000 0.0000
7.3000 7.9444 8.8273 7.7673 6.4020 8.0730 10.5893 8.2448 12.9426 7.8852 8.0168
8.7000 9.6520 10.9423 9.6849 11.3209 9.6925 11.4083 9.8671 13.4149 9.3688 7.6869
10.0000 11.1387 11.3866 10.9969 9.9687 11.2133 12.1333 11.4166 14.1660 10.9332 9.3325
11.3000 12.4059 9.7867 12.1941 7.9127 12.4237 9.9445 12.2716 8.5985 12.3410 9.2124
12.7000 13.4031 5.5364 13.1774 3.7587 13.2695 4.4839 13.4395 5.8227 13.3564 5.1682
14.0000 14.0000 0.0000 13.7357 1.8878 14.0000 0.0000 13.9982 0.0130 14.0000 0.0000
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*A_Force represents: actual force; M_Force: measured force; RE: relative error; The bold parts are calibration

points.

Table 4.2 Ry2-R,; lift-off transformation results

Lift-off = 1.0 mm Lift-off = 1.3 mm Lift-off = 1.5 mm Lift-off =1.9 mm Lift-off =2.0 mm

A _Force  mLift_off
* (kN) _(mm)

mLift_off
_(mm)

mLift_off
_(mm)

mLift_off
_(mm)

mLift_off

RE (%) )

RE (%) RE (%) RE (%) RE (%)

2.0000 1.0000 0.0000 1.3242 1.2099 1.5000 0.0000 1.8859 0.7074 2.0000 0.0000

3.3000 0.9715 0.8622 1.2894 0.3197 1.4918 0.2499 1.8614 1.1692 1.9824 0.5348

4.7000 0.9861 0.2952 1.2934 0.1401 1.4943 0.1217 1.8662 0.7192 1.9913 0.1846

6.0000 1.0000 0.0000 1.3026 0.0440 1.5036 0.0598 1.8723 0.4624 2.0000 0.0000

7.3000 1.0118 0.1615 1.3097 0.1327 1.5097 0.1329 1.8778 0.3044 2.0058 0.0799

8.7000 1.0161 0.1855 1.3147 0.1684 1.5126 0.1449 1.8798 0.2317 2.0077 0.0879

10.0000 1.0163 0.1627 1.3144 0.1442 1.5125 0.1247 1.8799 0.2008 2.0083 0.0830

11.3000 1.0131 0.1161 1.3122 0.1083 1.5095 0.0844 1.8766 0.2066 2.0065 0.0578

12.7000 1.0065 0.0511 1.3084 0.0662 1.5045 0.0355 1.8734 0.2094 2.0037 0.0288

14.0000 1.0000 0.0000 1.3048 0.0346 1.5000 0.0000 1.8694 0.2189 2.0000 0.0000

*mLift-off represents measured lift-off.

Table 4.3 Fregency2-Frequencyl force transformation results

Lift-off = 1.0 mm Lift-off = 1.3 mm Lift-off = 1.5 mm Lift-off = 1.9 mm Lift-off = 2.0 mm

A _Force  M_Force
* (kN) (kN)

M_Force
(kN)

M_Force
(kN)

M_Force
(kN)

M_Force

RE (%) )

RE (%) RE (%) RE (%) RE (%)

2.0000 2.0000 0.0000 2.0742 3.7120 2.0000 0.0000 1.9545 2.2754 2.0000 0.0000

3.3000 3.4731 5.2442 2.5540 22.6067 2.9928 9.3099 3.8308 16.0836 2.9810 9.6658

4.7000 4.4405 5.5209 3.6720 21.8733 3.9973 14.9506 4.3866 6.6688 3.8308 18.4942

6.0000 6.0000 0.0000 4.7215 21.3077 5.2406 12.6568 6.3906 6.5101 6.0000 0.0000

7.3000 7.7440 6.0819 6.3449 13.0842 7.1532 2.0112 8.4519 15.7797 6.5523 10.2431

8.7000 9.3353 7.3025 8.0503 7.4677 8.6898 0.1168 9.7281 11.8173 7.9414 8.7194

10.0000 10.7015 7.0147 9.7431 2.5686 10.3979 3.9792 11.5991 15.9914 10.1899 1.8989

11.3000 12.0365 6.5176 10.9961 2.6895 11.6565 3.1551 12.4601 10.2666 11.6326 2.9431

12.7000 13.2656 4.4538 11.8614 6.6032 12.7440 0.3462 13.8995 9.4447 12.7191 0.1505

14.0000 14.0000 0.0000 12.9584 7.4397 14.0000 0.0000 14.7335 5.2395 14.0000 0.0000
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Table 4.4 Frequency2-Frequencyl lift-off transformation results

Lift-off =1.0 mm Lift-off = 1.3 mm Lift-off =1.5 mm Lift-off =1.9 mm Lift-off =2.0 mm

A;—(Fkol\rl;e m_'-(mﬁq‘;ﬁ RE (%) m_"(i;tFn(;ff RE (%) m_'-(irfntFn‘;ff RE (%) m_'-(i:qta‘;ff RE (%) m_'-(mﬁq‘;ﬁ RE (%)
20000 10000 00000 12991 00435 15000 00000 18668  1.6623 ~ 20000  0.0000
33000 10098 02975 12647 10696 14913 02632  1.8804 05049 19931  0.2099
47000 09952 01018 12680 06799 14865 02880 18664 07146 19890  0.2336
60000 10000 00000 12699 05021 14888  0.875 18752 04138 20000  0.0000
73000  1.0084 01146 12795 02815 14995 00069  1.8805  0.2673 19965  0.0486
87000 10127 01457 12891 01249 15046 00523 18806 02230 19992  0.0096
100000 10130 01303 12954 00461 15070 00702 18827 01730  2.0051  0.0511
113000 10106 00936 12960 0035 15051 00451 18780 01943  2.0049  0.0437
127000  1.0059 00466 12922 00616 15026 00202 18759 01900 20025  0.0198
140000 10000 00000 12915 00609 ~ 15000 00000 18723 01977  2.0000  0.0000
4.6 Chapter Summary

In this chapter, an LDC-based orthogonal LC resonance sensing system combined with an 8-

node quadrilateral interpolation method was proposed to achieve the measurement and

separation of forces and lift-offs in the ferromagnetic sample. The force tests at different lift-

offs were carried out using the tensile testing machine and the LDC-based orthogonal LC

resonance sensor. The following conclusions are drawn from this study:

1))

2)

The proposed LDC-based measurement system integrates two LDCI1101s and a
multiplexer into a single measurement board. The orthogonal LC resonance sensor is
fabricated on an 8-layer PCB board, consisting of two LC resonance sensors positioned
in perpendicular directions. The system employs time division and grounding
processing to allow two LC resonance sensors to work sequentially with minimum
interference. This approach not only reduces the sensor size but also enables the
measurement of multiple parameters in different directions. The system offers
advantages such as low cost, capability of measuring multiple parameters, low power
consumption, and fast response.

Unlike traditional impedance planes and Frequency-R, planes, a new combination
pattern named R,2-Ry1, Frequency2-Frequencyl planes, which incorporates force and
lift-off information in both the vertical and transverse directions, is utilized for

separation of forces and lift-offs.
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3) The experimental results indicate that forces and lift-offs are measured effectively.
Through the 8-node isoparametric coordinate transformation, the loading force and lift-
off are separated respectively, with the maximum relative error of 22.61% for forces

and 1.66% for lift-offs.

The ESP32S3 also provides an IoT interface to enable measurement data to transmit to the
cloud platform and visualize the real-time data, as one part of structural health monitoring on

future wheel-rail forces in high-speed railways.

This chapter addressed the separation of the force and lift-off, but the lift-off was limited to
under 2 mm, which may pose a challenge in practical installation by increasing the risk of
contact between the sensor and the testing objects, potentially causing damage to the sensor.
The next chapter will investigate the enhancement in lift-off and force measurement sensitivity
using semiconductor strain gauge, magnetic resonance coupling, and the developed LDC1101-

based measurement system.
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Chapter 5. MRC-LDC Based Impedance Sensing with Semiconductor

Strain Gauges for Force Measurement at High Lift-offs

This chapter introduces a novel approach to wireless force measurement (WFM) based on
impedance sensing through magnetic resonant coupling (MRC), coupled with a semiconductor
strain gauge (SSG), and measured by a developed inductance to digital converter (LDC)-based
system. Section 5.2 describes the methodology of applying MRC-WPT coupled with an SSG
for force measurement. Section 5.3 presents simulations using LT-Spice to investigate the
influence of SSG at various coupling coefficients using parallel-parallel (PP) and series-parallel
(SP) MRC topologies. In section 5.4, experimental studies are conducted compare the
traditional SG and SSG and PP and SP topologies at various lift-offs and SSGs. Additionally,
the response and sensitivity of the two topologies were analysed regarding different lift-offs
and SSGs. The results are then discussed. The final section concludes the work and outlines

future work.

5.1 Introduction

Many scholars have made significant advancements in WFM. Table 5.1 lists the existing WFM
methods, especially for applications on metal components. Radio frequency identification
(RFID)-based methods have been broadly applied in WFM based on their excellent capability
in power and data transfer [35, 45, 47, 48]. A force sensor was integrated with an RFID tag,
signal conditioning circuits, and a microcontroller for WFM [35]. The RFID tag harvested
energy from an RFID reader to activate the sensor system. Then sensor data was processed by
the microcontroller and transmitted wirelessly by the RFID tag’s antenna. Since these methods
operate at ultra-high frequency (UHF), signal transmission is based on far-field electromagnetic
radiation, allowing communication over long distances, up to several meters. However, RFID
readers are usually large, limiting their use in confined spaces. Also, RFID tags operate at high
frequencies, and they are more susceptible to electromagnetic interference (EMI) and
environmental factors such as temperature and humidity [34]. Apart from far-field RFID-based
WFM, substantial research focuses on near-field inductive sensing for WFM [126, 208]. Li ef
al. designed a wireless passive flexible inductor-capacitor (LC) strain sensor using aluminium
nitride film for rolling bearings where a readout coil connected to a vector network analyser
(VNA) was employed to measure the resonant frequency of this LC sensor in response to strain,
offering the advantages of small size and high resolution [127]. A battery-less and wireless
strain sensor made with stretchable silicone rubber and a serpentine coil was presented in [209],

which monitored the shift in resonant frequency caused by stomach mobility. Although these
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methods offer new insights into WFM, the signal readout approach requires an expensive and
bulky VNA, which hinders the achievement of low cost and portability. Besides, the
measurement time is also prolonged due to the need for frequency sweeping to obtain the

resonant frequency [210].

Table 5.1 Comparison of WFM methods, especially for metal applications

Literature Method Parameter Merit Limitation

Wired connection,
SG, Wheatstone . . . .
Resistance Direct measurement complicated signal

transmission system

Wu et al. [18] bridge, slip ring

Lietal [127] Stretchable LC Unable to apply on metal,
Lee et al. strain sensor + Jres Wireless/passive expensive measurement
[209] Readout coil + VNA device, frequency sweeping
: irel t
Cui et al. [35] Wireless/accurate Complicated circuit, and
$G + MCU + RFID Resistance Long distance (up to 5 m) bulky reader, frequenc
Cheng et al. Antenna + Reader g P y > rrequency
[48] sweeping

Power supply requirement

Yiet al. [45] RFID-based strain

Wireless ;
Kubn ef al antenna+ RFID s . Suscebptllllzle to EMI and
[47] : reader Long distance, tens of cm ulky system
Digital ; ;
Wang et al. Strain at space N Expe?swe (;ie;vwe,
[17] image correlation fixed points on-contact complicate . 1mage
technology processing
Yang et al. LC resonance sensor Non-contact, able to measure Low lift-off (<2mm), low
[191, 211] *+LDC (eddy Reeg, fres material’s properties sensitivity
’ current effects)

Wireless/low cost/portable/fast
measurement/miniaturization/s
uitable for metal objects/high
lift-off (up to 40 mm)

Lift-off interference and
misalignment (coupling
coefficient)

SSG (deformation)

This work + MRC + LDC

R Peg, fres

Considering cost, portability and measurement time, a miniaturized, low-cost, and portable
measurement system is needed. The previous research demonstrated the feasibility of utilizing
LC resonance sensors with an LDC-based measurement system to realize non-contact force
measurement [191]. This was accomplished by sensing variations in the electromagnetic
properties of the specimen under applied forces. The LDC-based system integrated both the
resonant driver and the frequency measurement unit into a single chip with the size of 3.8 mm
* 3.8 mm * 0.8 mm [163]. It only requires a small microcontroller and several passive
components to compose a complete system, providing advantages such as miniaturization,
portability, and low power consumption in comparison to those systems composed of discrete
components, such as a signal generator, oscilloscope, power amplifier, and signal conditioning

circuits. The measurement and separation of forces and lift-offs (the distance between the sensor
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and the test object), were also investigated by the proposed orthogonal LC resonance sensor
and 8-node isoparametric coordinate transformation, effectively achieving the separation of
forces and lift-offs within 14 kN and 2 mm [211]. However, as they relied on electromagnetic
induction, their effective lift-offs were restricted to less than 2 mm. This limitation could lead
to sensors contacting the measured objects in real-world applications due to vibration or
irregular movement, potentially damaging sensors. Therefore, it is necessary to find a way to
extend lift-offs. The utilization of wireless power transfer (WPT) concepts can offer a potential

solution [143, 144, 212].

The medium-range magnetic resonant coupling WPT (MRC-WPT) [212] consists of a
transmitter coil, a receiver coil, and a capacitive compensation network, which has garnered
significant attention due to its high transfer efficiency and greater transmission distance
compared to other WPT methods. An MRC-WPT system comprises two LC tanks—one for the
transmitter (Tx) and another for the receiver (Rx). Most research scholars concentrate on topics
related to energy transmission efficiency [213], distance enhancement [ 149], coil misalignment
[214], cross-coupling [215], frequency splitting [216] and smart multi-receiver system [217].

However, there is limited research investigating WPT-based sensing.

In terms of sensing or signal transmission, MRC-WPT can achieve extended measurement
distances when not used for energy transfer. This chapter demonstrates a novel impedance
sensing approach using SSG, MRC-WPT, and a developed LDC-based measurement system to
achieve WFM and extend the lift-off. The proposed approach employs two LC tanks (Rx and
Tx) integrated with the SSG and LDC-based system. The SSG is connected to Rx and responds
to changes in force, resulting in a change in the impedance of Rx. Through MRC, this change
in Rx’s impedance is reflected in the impedance of Tx. The use of SSG is a crucial factor due
to its high gauge factor compared to metal foil strain gauges, resulting in a relatively significant
change in impedance and enhanced sensitivity. The LDC-based system measures the real part
(equivalent parallel impedance Rpe;) and imaginary part (resonant frequency frs) of Tx’s
impedance. This approach fully employs the extended distance capability of MRC-WPT, the
high gauge factor of the SSG, and the low cost and fast response of the developed LDC-based
measurement system, achieving significantly longer lift-off measurements compared to the

previous work [191, 211]. The achievements of this chapter can be summarized as:

1) The high sensitivity of the SSG, transmission characteristics of MRC, and an integrated
LDC-based system were utilized to achieve WFM ranging from 2 kN to 14 kN, with a

maximum lift-off up to 40 mm. This approach surpasses the limitations of using only an
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LC resonance sensor for force measurement, which has a maximum lift-off of 2 mm.

Both the simulation and experimental results showed good agreement.

2) The use of traditional SG and SSG for WFM were compared. The latter exhibited a
higher response than the former, approximately 32 times greater for Rpe; and 59 times

greater for fres.

3) The sensitivity of PP and SP topologies at different lift-offs and SSG values Ry was
analysed, highlighting that optimal sensitivity is not only related to lift-offs and
topologies but also to SSG values. Overall, the SP topology has a more comprehensive

working range than the PP topology.

5.2 Methodology

This section presents the principle of MRC-WPT-based impedance sensing for force
measurement. Formulas related to the PP and SP topologies of MRC-WPT models are derived.

5.2.1 Principle of MRC-WPT-based Impedance Sensing

As shown in Figure 5.1 (a), MRC-WPT-based impedance sensing utilizes the resistance change
in an SSG caused by force, which affects the impedance of Rx. This change is then reflected to
the Tx side via magnetic coupling. The Tx is connected to an LDC-based system to measure
the equivalent parallel resistance Rp.q and resonant frequency frs that are related to the Tx’s
impedance. As the LDC-based system requires the LC tank to be parallel, the Tx side is
configured for a parallel connection. Figure 5.1 (b) and (c) show the equivalent circuit models
of PP and SP topologies connected to the SSG Ry The only difference is on the Rx side, where
the PP topology features a parallel connection between R, the capacitor C;, and the equivalent
circuit of an inductor coil that includes a series resistance R; and series inductance L;. In contrast,
in the SP topology, all the components are connected in series. Figure 5.1 (d) illustrates how the
reflected impedance Z, couples from the PP/SP topology to the Tx side [147], and the LDC-

based measurement system is shown in Figure 5.1 (e).

In addition, the presence of metallic materials can cause the coils on the Tx and Rx sides to
induce eddy currents in the specimen, which may affect the signal sensing and transmission
[185]. It is imperative to minimize the influence of eddy currents. Electromagnetic interference
shielding (EMI) structures can suppress these eddy currents by isolating the Tx/Rx coil from
metal objects and focusing the magnetic fields between the Tx and Rx coils [218]. This work
differs from the previous research, which heavily relied on eddy currents in the specimen to

characterize the electromagnetic properties (electrical conductivity ¢ and permeability x) in

87



response to forces [211]. However, the intensity of eddy currents is strongly related to the lift-
off. An increase in the lift-off results in an exponential decrease in the intensity, causing to a
low sensitivity in testing [219]. To address this challenge, we employ an SSG as a force sensor
and transform its variation into the impedance change via MRC-WPT. This approach enables
wireless sensing and long-distance transmission for force measurement.
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Force of Rx of Tx Force
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Figure 5.1 (a) Illustration of MRC-WPT-based impedance sensing for force measurement (b)
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5.2.2 Formula Derivation of PP/SP Topology

Based on Kirchhoff's circuit laws, the circuits in Figure 5.1 can be further derived and simplified.

The impedance of Rx (Zz,) in terms of the PP topology, is derived as follows:

RStT
Zryx = Ry + (Rt + jwly) = ——————+ R, + jowl 5.1
Rx ijt// ser + (Re + jwLy) 1+ jwC,Rypy t TJwLht (5.1)
For the SP topology, Zz«is given as:
1 .
Lpx = jaC + Rty + (R + joLy) (5.2)
t
The reflected impedance Z,is expressed as [147]:
wZMZ
r=— (5.3)
Rx

Where w is the angular frequency and M is the mutual inductance between the Tx coil and Rx
coil, k is the coupling coefficient dependent on the lift-off (the distance between two coils) and

M is described as:

M=k LL; (0<k<1) 54
The impedance of Tx (Z7x) after combing Z, together is written as:
Ly = (R+'L+Z)—1 Z 5.5

Where Z is the equivalent impedance from the Tx coil’s point view, it is equal to:

w?M?
Rx
For the PP topology, Z is derived as (5.7):
Z =R, +jwl,
w?M?

+ —— (Roer + Re

(Rt + Ryer(1 — @ LtCt)) + w?(L¢ + CeRserRy)
+ W2CReRyr? + joo (Reer? Ce(1 = wPLeCe) — L) )

242 (5.7)
=R, + ok Ll (Rger + Re + 02C.%ReRpr?)

(Rt+Rstr(1—w2LtCt))2+w2(Lt+CtRstrRt)
wzkleLt(RstrZCt(l — w?LCp) — Lt) )
2
(Rt + Ry (1 — sztCt)) + w?(L¢ + CeRgtrRy)

+jw <L1 +

= Req + jwLeq
Similarly, Z in the SP topology is derived as (5.8):
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w?M?

Rur + Re +j (0l = 5)

Z =R, +jwL, +

_ R + @2Kk2Ly Ly (Rsir+R¢) tiolL, - w2k2L1Lt(Lt—w+Q) (5.8
- 2 2
(Rstr+Rt)2+(th—wLCt) (Rstr+Rt)2+(th—wLCt)
= Req + jwLeq
Thus, the equivalent parallel resistance Rpe, of the TX is:
Leg
Rpeg = ——
Peq Req Cl (5.9)
The resonant frequency fr.s is expressed as:
1

fres = W (5.10)

Equations (5.1) - (5.10) illustrate how the resistance of an SSG, Ry, affects the impedance of
RX (Zr»), the reflected impedance Z. and subsequently the impedance of Tx (Zz). The LDC-
based system then measures the real and imaginary parts of Zr, represented by Rpeq and fres,

which are then measured by the LDC-based system.

5.3 Simulation

In this section, circuit modelling was conducted using LT-Spice to investigate the MRC-WPT
coupling coefficients for PP/SP topologies with and without an SSG, the phenomenon of

frequency splitting, and the influence of an SSG on the impedance of Tx.
5.3.1 PP/SP without SSG: Coupling Coefficient and Frequency Splitting

To investigate the influence of an SSG on MRC-WPT circuit models, a model without an SSG
was constructed, consisting of only two LC tanks: one representing Rx on the left side and the
other for Tx on the right side. Rx consisted of a 470 pF capacitor (C;), a 10 uH inductor (L;),
and a series resistor R; of 0.5 Q, as shown in Figure 5.2 (a). Tx had the same components as Rx.
Each LC tank corresponded to a resonant frequency of 2.3215 MHz. An AC analysis was
employed to simulate the impedance-frequency characteristics. The coupling coefficient k£ was
varied from 0 to 0.1 with a step of 0.025, representing changes in the lift-off, while the
frequency was swept from 2.15 MHz to 2.5 MHz in 100 Hz increments.

Figure 5.2 (b) illustrates the impedance-frequency characteristic of Zr. at different coupling
coefficients. As the coupling coefficient k increased, indicating a decrease in the distance
between Tx and Rx coils, the phenomenon of frequency splitting occurred. This phenomenon

exhibited the single resonant peak of the system was split into two distinct peaks when the
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coupling coefficient k£ was beyond a critical point, leading to variations in the resonant
frequency and phase [216]. Frequency splitting affected the transmission distance and energy
transfer efficiency of the system. In a WPT system, frequency splitting should be avoided

through careful design, proper parameter selection, and advanced control algorithms in a WPT
system [216, 220].
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Figure 5.2 (a) MRC-WPT based circuit modelling without an SSG (b) Impedance of Tx

without an SSG
5.3.2 PP/SP with SSG at Different Coupling Coefficients

Unlike Figure 5.2, which did not include an SSG, an SSG with a resistance of 350 €, denoted
as Ry, was added to both the PP and SP topologies, as shown in Figure 5.3 (a) and (c). The
coupling coefficients and frequency range remained the same as before. The simulation results

are presented in Figure 5.3 (b) and (d). In contrast to Figure 5.2 (b), where frequency splitting
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was observed, the setups here did not exhibit any frequency splitting. In the PP topology, the
magnitude decreased as k increased because the increase in k caused R,y to rise, which in turn
lead to a decrease in Rpey. The resonant frequency shifted to the right due to a decrease in L.
It can be explained by Equation (5.7) where L., was smaller than L; after the sweeping
frequency exceeded the original resonant frequency fr..s0 = 1/2m/L,C;. A similar trend of
magnitude was observed in the SP topology. Nevertheless, the resonant frequency remained
unchanged, which can be attributed to the fact that L., in Equation (5.8) is equal to L; at fres0. In
both topologies, the phase curves gradually became flat as k continued to rise, and they passed

through a common point at f.s That intersection point was similar to the lift-off point of

intersection (LOI) in eddy current testing (ECT) [195].
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5.3.3 Variation of SSG R
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Figure 5.3 MRC-WPT-based circuit modelling for (a) PP topology (b) PP-Impedance of Z7.

The simulation results in the previous sub-section demonstrated that frequency splitting did not
occur at the designated coupling coefficients for both PP and SP topologies after adding the
SSG. To understand the influence of the SSG on the Tx’s impedance, the changes in SSG
resistance for both topologies were simulated. Since the SSG resistance value was proportional
to the force, Ry was set to vary from 350 Q to 400 Q with a step of 10 €, imitating that an
increasing force was applied to the SSG. The coupling coefficient £ was fixed at 0.1. Figures
5.4 (a) and (b) illustrate the change in the impedance of the Tx due to R, As the Ry increased,

the magnitude decreased in the PP topology but increased in the SP topology. The maximum



value of the magnitude was extracted for both topologies. The resonant frequency
corresponding to the maximum magnitude did not change because of the weak coupling with &

of 0.1. In this coupling range, the contribution of the change in Ry for the imaginary part could

be neglected.

Figure 5.4 Variation of Ry for the influence of the Tx’s impedance: (a) PP topology. (b) SP

topology
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Figure 5.5 The extracted maximum of magnitude against SSG Ry

The phase information of both topologies remained almost unchanged with the variation of Ry
Figure 5.5 presents a linear relationship between the maximum of magnitude and the SSG in
the PP and SP topologies, illustrating that employing an SSG coupled to MRC-WPT models for
WFM is feasible.

5.4 Experimental Study and Results

This section describes the experimental study and results, including the experimental set-up,
the measurement system based on LDC1101 and ESP32S3 for Rpe; and fres, the SSG, MRC-
WPT components, the comparison of a traditional SG and SSG, tensile testing results for PP/SP

topologies with different SSGs and lift-offs, and a subsequent discussion.
5.4.1 Experimental Set-up

The experimental set-up included a testing machine INSTRON 3369, an LDC1101-ESP32S3
measurement system, an SSG, two MRC-WPT LC tanks, and a carbon steel C50 dog-bone
specimen, as shown in Figure 5.6 (a) and (b). The testing machine was used to load the specimen
in line with the pre-configuration. Here, a 2 kN pre-load was applied to remove any slack
resulting from the grips, ensuring accurate and reliable measurements [221]. To implement
repeatability tests, the loading force was kept within the elastic region. The loading then
increased from 2 kN to 14 kN and was held for 30 seconds, followed by unloading from 14 kN

back to 2 kN, as shown in Figure 5.6 (¢). The speed of the crosshead was set at 0.5 mm/min.

Unlike simulations and most systems that rely on a bulky and expensive VNA to obtain the

maximum of magnitude and resonant frequency through frequency sweeping [152, 153], our
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system can directly measure the impedance characteristics in the resonant state, specifically
Rpeq and fres. It offered low-cost, portable, and time-saving benefits. The system consisted of an
inductance-to-digital converter LDC1101 (Texas Instruments) [178], which supported an LC
tank with a f.s range of 500 kHz to 10 MHz, an Rpe, range of 0.75 kQ to 96 kQ, and a 180 kSPS
conversion rate. The LDC1101 was controlled by an loT-level microcontroller, the ESP32S3
(Espressif Systems), via 4-wire SPI communications. Both Rpe, and fr.s measurements achieved
a 16-bit resolution. The mechanism of the readout system is the LDC-based system outputs a
high-frequency pulse signal to drive the Tx, causing it to resonate at its resonant frequency. The
resonant frequency frs is then measured by counting the number of cycles of a reference
frequency, similar to the principle of frequency meter. Meanwhile, Rp., is measured by
regulating the oscillation amplitude in a closed-loop configuration to a constant level while
monitoring the energy dissipated by the Tx. Any change in Re; and L., incurred by the SSG due

to force will lead to a change in Rpey and fres.
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Figure 5.6 (a) System diagram of MRC-WPT-based impedance change for force measurement

(b) Experimental set-up (c) Force loading, holding, and unloading curves

An SSG force sensor (Smm x 0.25 mm x 0.25 mm, manufactured by BENGBU KECHUANG
SENSOR CO. LTD) with a nominal value of 350 Q and a gauge factor of 130 was used, which
is significantly higher than that of a traditional metal foil strain gauge. The two LC tanks had

96



identical circular coils and capacitors. Circular coils were selected for impedance sensing and
transmission because they offered higher coupling efficiency, minor misalignment, less energy
loss, and high Q factor compared with other types of coil shapes, such as rectangular, and
hexagonal coils [222, 223]. The inductance of both Tx and Rx coils (Wiirth Elektronik,
760308100141) was 10 uH. The coil traces were made using Litz wires to reduce skin-depth
effects at high frequencies, which generated a relatively small DC resistance, around 30 mQ.
The coils were wounded on a shielding structure to minimize EMI interference and to focus the
magnetic field, thereby significantly enhancing the Q-factor (maximum 180) which extends the
sensing and transmission distance. Two identical 470 pF capacitors were used with both coils,
generating an initial resonant frequency of 2.3215 MHz in air. The SSG was bonded to the
centre of the specimen using Cyanoacrylate adhesive after the surface of the specimen was
cleaned. The wires from the SSG were then connected to the Rx in parallel or series to form PP
or SP topologies. The LC tank in the Tx was in parallel to the inputs of LDC1101. Both LC
tanks were aligned on a supporting plate, and the lift-off could be adjusted by screwing the nuts.
The collected data were transmitted to the MATLAB-based GUI via USB from the ESP32S3,
and the data were processed using MATLAB. Before testing, the specimen was pre-loaded, and

then the system conducted the testing according to the settings.
5.4.2 Comparison of WFM using the traditional SG and SSG

A traditional metal foil strain gauge (SG) with a nominal value of 350 Ohm and gauge factor
of 2 was used to compare with the SSG. The experimental set-up was the same for the two cases.

The lift-off was set to 25 mm.

Traditional SG: Lift-off = 25 mm SSG: Lift-off = 25 mm
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Figure 5.7 Experimental results of (a) traditional SG and (b) SSG
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Figure 5.6 (c) presents the input force, and Figure 5.7 (a) and (b) show the sensing results for
two types of SGs. The results at the loading stage were analyzed. Both exhibited an inverse
proportional relationship with the input force. Table 5.2 provides a comparison of several key
factors, including the variation in Rpe, and fys, as well as the fitting factor R”. The SSG exhibited
a higher response than the traditional SG, approximately 32 times greater for 4Rpe; and 59 times
greater for Afy.s. Besides, R’ for SSG was larger than the SG. In summary, the SSG demonstrates

better sensitivity and linearity than the traditional SG due its larger gauge factor.

Table 5.2 Comparison of traditional SG and SSG at the loading stage

Traditional SG SSG
| AR pey| 1.22 Q 38.69 Q
| A fres| 289.43 Hz 16988.72 Hz
R’-Rpe, 0.9924 0.9982
R2—f 0.9897 0.9992

5.4.3 PP/SP Topology with SSG for Force Measurement at Different Lift-offs

PP and SP topologies with a 350 2 SSG were applied in the experiment respectively. Each was
tested at a different lift-off. All tests were repeated three times to obtain the average of
measurement values. Figure 5.8 shows the measured Rpe; and f.s of the PP topology during
force loading, holding, and unloading, with the lift-off varying from 25 mm to 40 mm. It was
observed that Rpe; decreased as the force increased, which aligned well with the simulation
results. Furthermore, Rpe, remained almost constant during force holding and increased during
the force unloading. The resonant frequency f.s also followed the Rp., curves but tended to
deteriorate when the lift-off exceeded 30 mm. The change of Rpe; and frs with force was
explained by Equations (5.7), (5.9), and (5.10), where R, increased with the loading force,
resulting in an increase in Req and L.y, which in turn decreased Rpeq and fres, and vice versa. Rpeg
outperformed f..s because changes in SSG values primarily contributed to the real part of the
impedance. Rp.; and fres, along with the corresponding input force during the loading phase,

were then extracted.
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Force loading and unloading: Lift-off = 25 mm

Force loading and unloading: Lift-off = 30 mm
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Figure 5.8 Experimental results of PP topology for force measurement at different lift-offs: (a)

25 mm (b) 30 mm (c) 35 mm (d) 40 mm

Force loading and unloading: Lift-off = 10 mm

Force loading and unloading: Lift-off = 15 mm
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Force loading and unloading: Lift-off = 20 mm Force loading and unloading: Lift-off = 25 mm
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Figure 5.9 Experimental results of SP topology for force measurement at lift-offs: (a) 10 mm

(b) 15 mm (¢) 20 mm (d) 25 mm

Figure 5.10 (a) and (b) show the curves of Rpeq and fr. after subtracting the first measured value.
A strong linear relationship was observed between them, particularly for Rp.,. The absolute
sensitivity at various lift-offs is depicted in Figure 5.11 (a) and (b), indicated by the blue curve.
The sensitivity of Rpe, differed from fr.;, which decreased exponentially as the lift-off increased.
The sensitivity in Rpe, exhibited a convex pattern, reaching a peak value of 5.5 Q/kN when the
lift-off was approximately 33 mm, indicating that the system was operating in the optimal
coupling range due to critical coupling [152]. Furthermore, near the critical coupling region,
the sensitivity tended to stabilize, which indicated that operating the Tx and Rx in this region
can enhance robustness. In the PP topology with a 350 Q SSG, it was noteworthy that the

minimum lift-off was 25 mm because Rpe; approached the lower limit of the measurement

system.
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Figure 5.10 Measurement parameters of PP/SP topology against loading forces: (a) PP: Rp,
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For the SP topology with the same SSG, similar tests were conducted at lift-offs of 10 mm, 15
mm, 20 mm, and 25 mm. The lift-off configuration was different from that of the PP topology,
as it was adjusted to consider the effective working range of the measurement system. Figure
5.9 shows the experimental results of SP topology for force measurement. The curves of the SP
topology exhibited a reverse trend compared to the PP topology, which was consistent with the
simulation results. Here, both Rp, and f.s increased with the force, remained constant when the
input force was steady, and decreased as the force decreased. This was explained by Equations
(5.8), (5.9), and (5.10), where R increased with the loading force, leading to a decrease in R,
and Leg, which in turn increased Rpeq and fres. Figure 5.10 (c) and (d) present the curves of Rpeq
and f.s versus force during the loading stage. Similar to the PP topology, the sensitivity curves
in Figure 5.11 (c) and (d), indicated by the blue curve, show that Rp., reached a peak value of
6.9 Q/kN at a lift-off of 10 mm, while f.;s varied exponentially with the lift-off.

5.4.4 Influence of Different SSGs

The influence of different SSGs on the working range and sensitivity was investigated. An
additional SSG with a resistance value of 120 Q was adopted, and similar lift-off tests were

carried out.
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Figure 5.11 Absolute sensitivity against lift-off of PP/SP topologies with SSGs of 350 Q and

The sensitivity at each lift-off was obtained and plotted in Figure 5.11, shown by the red curves.
It was observed that different SSGs corresponded to a different working range for Rpe; and fres.
Since the SSG was a resistive sensor, the sensitivity curve for Rp., performed better compared
to fres. The latter was more susceptible to lift-off variations, showing better sensitivity at low
lift-offs. However, the former was strongly dependent on the coupling range. In the PP topology,
Rpeq reached optimal sensitivity at lift-off of 15 mm for a 120 Q SSG, while for a 350 Q SSG,
its optimal sensitivity appeared at 33 mm. This was because the SSG changed the impedance
of the entire system and altered the optimal working range. In the SP topology, a similar
phenomenon was observed, but there was a wide overlap in the entire lift-off range for both

RPeq and ﬁes.
5.4.5 Discussion

The MRC-WPT-based impedance sensing for WFM utilizes the characteristics of MRC and
high gauge factor of SSGs, as well as the integrated LDC-based measurement system. It
transforms the change in SSG into the impedance of the Rx, and then into the impedance of the
Tx by the reflected impedance. This approach fully combines the advantages of MRC-WPT
and overcome the lift-off limitations, achieving the force measurement at high lift-offs. To some
extent, the introduction of SSGs effectively avoids the occurrence of frequency splitting, which
may have negative effects on measurement performance. Since the SSG is a resistive sensor, its
primary impact is on the real part of the impedance, with minimal effect on the imaginary part,
particularly at high lift-offs. This can be explained why Rpe, exhibited a good quality in contrast
with frs during the testing. SSGs in the PP and SP topologies demonstrate distinct influences,
affecting the working range, optimal lift-off, and maximum sensitivity. Essentially, the
proportion of SSGs in PP and SP topologies is closely associated with the original impedance

without connecting any SSGs. When the SSG value is relatively small compared to the original
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impedance, its impact is more pronounced in the PP topology rather than the SP topology, and
vice versa. The LDC1101-based system is a miniaturized device which contains the function of
driving Tx and detecting Rpe, and fr.s. However, there are indeed some drawbacks, such as Rpeq
needing to be greater than 750 Q and the resonant frequency of the LC tank being limited to the
range of 500 kHz to 10 MHz. These drawbacks potentially impact the optimal performance of
the components. The Tx and Rx coils utilized in the work are ready-made products which can
be specially designed to suit the application environment, including curved surfaces, by
employing flexible PCB technology. The current method for WFM was affected by the lift-off
interference and misalignment between the Rx and Tx coils, which vary coupling coefficients.
There may be a method to compensate for these changes by adding an additional LC tank
measure lift-off. There is always a trade-off between sensitivity, lift-off, topologies, SSG values,
and coil shapes. These factors should be carefully selected to maximise the measurement

performance.

5.5 Chapter Summary

In this chapter, a novel WFM approach based on impedance sensing using an SSG and MRC-
WPT was proposed. This method leverages the high sensitivity of the SSG, the transmission
characteristics of MRC-WPT, and the miniaturized LDC-based impedance measurement
system to achieve WFM with enhanced sensitivity at high lift-offs. It offers the benefits of low
cost, portability, and fast response, while also overcoming the lift-off limitations inherent in

traditional LC resonance sensors that rely on eddy current effects.

A comparative study between a traditional SG and SSG for WFM was conducted,
demonstrating that the SSG exhibited significantly higher sensitivity, with AR p., being 32 times
greater and Af..; being 59 times greater compared to the traditional SG. Both PP and SP
topologies with different SSGs and lift-offs were studied through simulations and experiments.
The results demonstrated both topologies were effective for WFM at high lift-offs. Specifically,
for an SSG of 350 Q, the PP topology achieved a maximum lift-off of 40 mm, while the SP
topology achieved a maximum lift-off of 25 mm. Both Rp., and f.; exhibited an excellent linear
relationship with input force. It was found that the sensitivity in Rp., exhibited a convex pattern,
where it tended to stabilize near the critical coupling region, indicating that operating the Tx
and Rx in this region can enhance robustness. In contrast, the sensitivity in f.s exhibited an
exponential relationship. The SSG influenced the optimal lift-off for both PP and SP topologies.
Overall, each topology has its advantages and disadvantages, allowing for customization based

on specific application needs.
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Although the proposed approach is influenced by lift-off interference, misalignment between
the Rx and Tx coils, and inherent performance of the LDC-based system, it offers new insights
into measuring forces on rotating mechanical components, such as wheel-rail contact force. By
attaching an SSG and Rx to wheel areas most susceptible to external impacts, while using a Tx
installed on the bearing box, wireless wheel-rail force measurement can be achieved.
Additionally, its application can be extended to structural health monitoring of critical
infrastructure such as bridges, pipeline, and buildings where power supply and cable connection
are unavailable. Moreover, there is potential to integrate this technology with other types of
sensors. For instance, SSG can be replaced with capacitive or inductive sensors to monitor
various parameters, such as temperature, pressure, humidity, and structural defects. This
integration could provide a comprehensive multi-sensor system capable of real-time

environmental and structural health monitoring.

Previous studies were conducted using a uniaxial testing machine at a constant temperature on
a relatively static platform. Nevertheless, real railway vehicles operate in dynamic
environments, encountering factors such as temperature fluctuations and electromagnetic
interference. Additionally, railway vehicles consist of rotating components. There remains a
lack of studies on signal stability and testing of this technology on a rotating platform. The next
chapter will concentrate on the stability study of WFM using differential LC resonators and
software processing algorithms, as well as signal readout and analysis of signal characteristics

on a rotating testing platform.
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Chapter 6. Stability Study of MRC-based WFM and Signal Readout and
Analysis under Rotating Test

This chapter describes the stability study MRC-based wireless force measurement (WFM)
which is affected by temperature and electromagnetic interferences using differential
configurations of LC resonators and signal processing algorithms including the moving average
algorithm (MAA) and Kalman filter (KF). In addition, to realize the ultimate application of
MRC-based WFM on practical wheels, a rotating testing platform in the lab was established to
explore the signal readout and signal characteristics with varying lift-offs and variable resistors

that represent the value change of a SSG in response to applied forces.

6.1 Introduction

WFM is promising for structural health monitoring, such as infrastructure deformation, wheel-
rail contact force, as no cable connection and power supply are required [191]. Defect detection
and force measurement in LC resonant sensors rely on the principle of eddy current effects.
This occurs as defects or applied force alter the material’s electromagnetic properties, affecting
the intensity of eddy currents. These changes in eddy currents subsequently modify the
equivalent parameters of LC resonant sensors, such as inductance and equivalent parallel
impedance. Because of the characteristics of working in a resonant state, the current driving an
LC sensor can be minimum which significantly reduces the power supply. However, the
methods based on eddy currents is limited by lift-off which is the distance between the sensor
and the specimen. Appling LC resonators based on magnetic resonant coupling (MRC) and a
semiconductor strain gauge (SSG) opens a new approach to force or strain measurement, which
overcomes the shortcoming of lift-off limitations. It utilizes the properties of high sensitivity of
SSGs and mid-range communication of MRC between two LC resonators. A SSG varies the
impedance in one LC resonator, and this variation is measured by the other LC resonator via
magnetic field coupling. However, due to the interferences of external factors including
temperature and electromagnetic noise [ 173, 224], the signal stability is subject to degradation.
To compensate for this issue, some hardware and software measures can be adopted [173, 225,
226]. In terms of hardware measures, often a reference sensor is added into the measurement
system where it undergoes the same conditions as the measurement sensor. The reference signal
is then subtracted from the measured signal to reduce the noise interferences [224]. The MAA

and KF algorithms are used for software processing [225].

Since the ultimate purpose is to apply MRC-based method on wheel-rail contact force

measurement (WRCFM) which is a rotating system, preliminary exploration on a rotating
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platform for signal readout and analysis is necessary. Rotating testing for LC sensors has been
studied for in situ health monitoring of bearings, speed measurement, and pressure
measurement [129, 141, 227]. After enhancing the signal stability of LC resonators using
differential configurations, MAA and KF algorithms, rotating testing is performed to study the

signal readout and analysis of signal characteristics.

6.2 Stability Study of WFM using Differential LC Resonant Sensors and Signal

Processing

In this section, based on the high sensitivity of a SSG and the long-distance transmission
characteristic of MRC, a differential LC resonant sensor using a customized two-channel
inductance-to-digital converter (LDC)-based measurement system is proposed. This system is

combined with MAA and KF algorithms to enhance the signal stability.
6.2.1 Experimental Set-up

To verify the stability and response of differential LC resonators against external interferences
and force excitations, the experimental set-up was designed. Differential configuration of LC
resonators and software processing were described. Two types of tests including the sensor

outputs with and without force excitations were performed.

Figure 6.1 is the system diagram of applying differential LC resonators on WFM, where two
channels of LDC1101 are included and connected to the ESP32S3. Two LC resonators are
connected to the LDC1101s with a multiplexer which can be controlled by the ESP32S3. One
LC resonator is aligned with Rx to get the readout of sensing signal while the other is acted as
the reference. Besides, a temperature sensor is used to monitor the change in ambient
temperature. The experimental set-up included a specimen, a SSG of 350 Q, an LDCI1101-
ESP32S3 measurement system, a temperature module DHT22 with a temperature range: -40°C

to 80°C and accuracy +0.5°C, three identical LC resonators with the inductance coils of 10 uH

and parallel capacitors of 470 pF, as shown in Figure 6.2. There were two LDC1101 channels
in the measurement system, controlled by an ESP32S3 microcontroller via SPI communications.
Tx ref was connected to the LDC1101-CH2 and Tx to the LDC1101-CHI. The lift-off between
Tx and Rx was set to 25 mm. When the specimen was suffering from a force excitation, the
SSG would make response and change the impedance in Rx. This change was then magnetically

coupled to Tx via the reflected impedance, varying its Rpeq and fres.

Figure 6.3 presents the software processing flowcharts with respect to Rpeg and fres, Which

contains pre-processing in ESP32S3 and post-processing in MATLAB. Based on the
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characteristics of Rpeq and fres, the former is more susceptible to external interferences while the
latter is relatively stable. The pre-processing involves a MAA algorithm applied to Rpeq for Tx
and Tx_ref, and a debounce algorithm by setting a threshold for fres in two channels. After
obtaining 4Rpeq and Afres, Afres becomes stable, and ARpeq is further processed through a KF
algorithm to improve the signal-to-noise (SNR).
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Figure 6.1 Differential LDC1101-ESP32S3 measurement system

Figure 6.2 Experimental set-up of differential LC resonant sensors with LDC1101-ESP32S3

measurement system
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6.2.2 Sensor Output without Force Excitation

It is worthwhile determining the response of the differential LC resonant sensor when there is

no force excitation, which can be regarded as a static response. The entire measurement system

was placed in a room for around 4.5 hours where the temperature changed with the outside

temperature. Rpeq and fr.s in two LDC1101 channels, and temperature signals were collected.
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Figure 6.4 (a) Rpeq and (b) fres in 2 channels over 4.5 hours (c) Temperature variations over 4.5

hours

Figure 6.4 presents these three signals in response to external interferences including

temperature variations and EMI noise. It is apparent that temperature causes both R,eq and fres

to drift, but the former is more serious than the latter, which was attributed to a higher
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temperature coefficient in R,eq. From the trends of Rpe; and fres curves, it is not evident that
temperature is proportional to them.

Figure 6.5 describes the differential signals AR,e; and Afy.s after signal processing. Both signals
become less vulnerable to temperature variations. Since Afy.s exhibited a robust characteristic
with the debounce algorithm in the whole period, the KF algorithm was only applied on ARpeq.
Here, the same KF approach as described reference [225] was utilized. There were two key
parameters in KF, the process variance constant O and the measurement constant R, which must
be chosen properly. O was selected to 0.35 and R was 10. Therefore, the differential
configuration and software processing effectively reduced the noise interference.
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Figure 6.5 (a) 4Ryeq after processing over 4.5 hours (b) 4f.. after processing over 4.5 hours
6.2.3 Sensor Output with Force Excitation

To test the stability and dynamic response of the sensor, force excitation was applied randomly
over time. The applied force was perpendicular to the central surface of the specimen, oriented
inward or outward. That meant there were two forces, compression, and tension. In Figure 6.6
(a) and (b), 4Rpeq and Afyes exhibit the static response and dynamic response over time. As the
SSG was sensitive to the applied force, it caused the change in Rx’s impedance, and then in
Tx’s Rpeq and fros via magnetic coupling. That enables wireless force measurement by impedance
sensing. The sensor output in response to the force excitation is marked with black dash lines.
Figure 6.6 (c) shows the temperature change with time. Overall, the minor temperature
fluctuations exhibited the minimum impact on the stability of ARye; and Afres. The dynamic
response of the sensor resulting from the force excitation differed significantly from those
responses observed without excitation. These findings demonstrate the sensor’s robustness,

stability, and high responsiveness.
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Figure 6.6 (a) 4Ry and (b) Afrs with force excitation applied at random, and (c) Temperature

variations over time
6.2.4 Summary

Based on the high sensitivity of a SSG, the mid-range transmission characteristic of MRC, and
the fast response of LDC-based measurement system, a differential configuration of LC
resonant sensors and software processing algorithms were combined to enhance the stability of
the wireless force measurement against the external interferences including EMI noise and
temperature fluctuations. Experiment study tested the static and dynamic responses of the
sensor over time. The results indicate that differential configuration of LC resonators, MAA and
KF algorithms facilitate the sensor’s robustness, stability, and responsiveness. This method can
be applied in areas where cable connections and power supplies are not available, such as

structural state monitoring of bridges, railway tracks, and railway wheels.
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6.3 Signal Readout and Analysis on Rotating Testing

This section presents the signal readout and analysis of signal characteristics for MRC-based
sensing on a rotating testing platform, which lays the foundation for the future application on

practical wheel rails.
6.3.1 Design of Circular LC Resonators

A pair of customized circular LC resonators was designed to fulfil the rotating platform, as
shown in Figure 6.7. Table 6.1 presents the parameters of inductance coils with the outer
diameter of 18.0 mm, the inner diameter of 6.4 mm, 19 turns per layer, 4 layers, track width of
6 mil, spacing between tracks of 6 mil, and the thickness of 1.6 mm. The COG/NPO capacitor
with 270 pF was used due to its excellent stability and low losses. The circular inductance coils
were fabricated by PCB technology. One LC resonator acted as the readout resonator Tx while
the other as reference Tx_ref. The central distance between two circular coils was 25 mm.
Another identical circular LC resonator operated as Rx where an SSG was connected to it in
response to the change of force. To enhance the inductance value and Q factor, a ferrite sheet
with high permeability was attached on the back of the circular resonators. After sticking a
ferrite sheet, the inductance became from 66 uH to 108 pH and Q improved to 33 from initial

18. The DC resistance of each inductor coil was 21 Q.

CRY Designed for WPT Tx Small LC Tank
29,02,2024 NCL

on Ccpt E;:] Ccp2

Figure 6.7 A pair of customized circular LC resonators

Table 6.1 Parameters of the circular LC resonator

Parameter Value
Outer diameter 18.0 mm
Inner diameter 6.4 mm

Thickness 1.6 mm
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Turns per layer 19.0

Layers 4.0
Trace width 6.0 mil
Spacing between traces 6.0 mil
Cp 270.0 pF

6.3.2 Development of LabView-based GUI

As a real wheel-rail system may rotate quickly and the previous MATLAB-based GUI was
unable to capture the complete data under fast speed, an LabView-based GUI was developed
which is based on consumer and producer loops to improve the sampling speed. Figure 6.8
shows the front panel of the LabView-based GUI which contains filename, baud rate, two
visualisation windows for differential R, and frequency. In Figure 6.9, there are two loops in
which the producer loop is used for processing real-time incoming data and visualisation from
the microcontroller based on serial communication while the consumer loop conducts data

savings.
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Figure 6.8 Front panel of LabView-based GUI for high-speed sampling

Communication between producer and consumer loops is completed by using queues. The
incoming data which contain specific strings and numbers enter the producer loop though VISA,
and then are added to the queue (called ‘enqueue’). The consumer loop removes data from that
queue (called ‘dequeue’). Because queues are based on the first-in/first-out theory, the data will
always be analysed by the consumer in the same order as they were placed into the queue by

the producer. For both loops, the first letter of the incoming string data is extracted by string
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subset for differentiating R, and frequency in different processing case structures. Scan from
string is then employed to extract the numeric information and display them in real time. The
producer loop simultaneously displays the differential R, and frequency while the consumer
loop saves data into the assigned dynamic array. After the loops stop, the data will be saved into

the designated file directory.

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

B8 a &
]

Figure 6.9 Back panel of LabView-based GUI with producer and consumer loops
6.3.3 Experimental Set-up

The experimental set-up continued the most configurations in Section 6.2, except for the LC
resonators. Figures 6.10 and 6.11 show the diagram and photograph of the rotating testing
platform based on differential LC resonators. A motor from Crouzet company (8983012) was
used, with an adjustable speed controlled by varying the DC voltage, supporting a maximum of
3600 revolution per minute (rpm) at 24 VDC. A metal plate with a diameter of 150 mm was
fabricated to install on the motor, which rotated as the motor to mimic the real rotating wheel.
The Rx with a variable resistor R, was attached to the plate and the variation in Ry, represented
the SSG in response to force. During the test, the distance between Rx and the readout part was
fixed and the rotation speed of the motor remained constant. The LDCI101-ESP32S3
measurement system started to work once the motor was rotating. To reduce the interference
between Tx and Tx ref, a strategy similar to Section 4.5 was adopted where the measurement
system controlled the multiplexer to switch the channel. When one was working, another one
was grounded. The switching time was set to tiny, so data for Tx and Tx_ref were regarded
simultaneously and synchronously. Tx and Tx_ref kept sampling data all the time, even though

useful data containing the sensing information were only included when Rx was aligned with
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Tx. The sampling data were then conveyed to the LabView-based GUI for further processing
and saving.
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driver
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Q )
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Lift-off

Rx (with an SSG)
Figure 6.10 Rotating testing platform based on differential LDC1101-ESP32S3

Figure 6.11 Practical photograph of rotating testing platform
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6.3.4 Lift-off Variations

The rotating testing under lift-off variations was conducted to identify the response between Tx
and Rx, Tx ref and the metal plate. As the Tx ref acted as the reference, it was subtracted from
the values of Tx to attain differential values in terms of R, and f.s, denoted as AR, and Afjes,
which can reduce the influence of common-mode interferences. Ry, was not connected to Rx,
only studying the lift-off influence for signal readout. Figure 6.12 shows AR, and Af.s against
different lift-offs, from 5 mm to 15 mm with an interval of 2 mm. With respect to Afres, it
exhibited a valley when Tx aligned Rx and maintained unchanged when Tx was not interacted
to Rx. The valley value, minimum, decreased with the increase in lift-off due to the reduction
in magnetic coupling between Tx and Rx. Rpm can also be derived based on the duration of the
repeated valleys of Afres. AR, described a distinguishing characteristic which included two
spikes and one valley. The spikes were corresponding to that when Rx just started to enter and
leave the magnetic field coupling area while the valley indicated that Rx was right in the middle
of Tx. From 7 mm to 15 mm, a gradually decreasing trend was observed for AR,. However, AR,
presented a phenomenon that spikes were larger than the valleys at the lift-off of 7 mm, which
might be caused by the strong coupling between Tx and Rx. The results demonstrated that lift-
off varied the response for AR, and Afyes.
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Figure 6.12 Practical photograph of rotating testing platform

6.3.5 Rotating Tests with Varying R,

A variable resistor R,.-installed on the metal plate was connected to Rx in parallel (PP topology

in Figure 5.1 (b)) to mimic the change of SSG in response to wheel-rail contact force (WRCF).
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R.arin Figure 6.11 was set to 49.6 Q, 64.2 Q2,79.2 Q,96.9 Q, 116 Q, and 131.6 Q, respectively.
The variation range in SSG was around 80 Q, similar to that change of SSG against force
presented in Chapter 5. The lift-off was set as 5 mm, 7mm, and 9 mm. Figure 6.13 shows the
response of Afr.s against various Ryq- at lift-off 5 mm. Af.s kept unchanged when R, varied,
which might be attributed to the small Q factor and weak coupling coefficient. However, the
valley of AR, increased inversely proportional to Ry, This tendency was consistent with the
results in Section 5.4.3. This can be explained by Equation (5.7) where the increase of Ryur
resulted in an increase in Re;, which in turn decreased Rp.,. Obviously, the change of Ryur
primarily affected the real part of the equivalent impedance while remained unchanged in Afyes.
This phenomenon was also seen in Figures 6.16, 6.17, 6.19, and 6.20 when lift-offs varied from
7 mm to 9 mm. Figures 6.15, 6.18, and 6.21 demonstrated the extracted negative peaks in AR,
and R,.- at different lift-offs. Lift-off caused the variation in both AR, and Afes, but Ry only
varied AR,, indicating Af.s can be harnessed to measure lift-off for compensating AR).

Rotating tests: lift-off: 5 mm

(a) Rvar: 49.6 Q (b) Rvar: 64.2 Q (c)Rvar: 79.2 Q
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Figure 6.13 Afy.s against various Ry at lift-off 5 mm
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Rotating tests: lift-off: 5 mm
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Figure 6.14 AR, against various R at lift-off 5 mm
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Figure 6.15 The extracted negative peak against various R, at lift-off 5 mm

Rotating tests: lift-off: 7 mm
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Figure 6.16 Af.s against various R, at lift-off 7 mm

117



Figure 6.18 The extracted negative peak against various R, at lift-off 7 mm
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Figure 6.17 AR, against various R, at lift-off 7 mm
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Figure 6.19 Af..s against various R.-at lift-off 9 mm




Rotating tests: lift-off: 9 mm
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Figure 6.20 AR, against various R, at lift-off 9 mm
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Figure 6.21 The extracted negative peak against various R, at lift-off 9 mm

6.3.6 Summary

The rotating testing platform including differential configurations of customized LC resonators
for Tx and Tx_ref, an LC resonator Rx with a variable resistor Ryar, and the developed LabView-
based GUI, was established to investigate the signal readout and analysis of signal
characteristics. The variation of lift-off and Rv.- on the influence of AR, and Af,.; was explored.
The results revealed that lift-off varied both AR, and Af..s. However, the change in Ry, only
affected the valley signal of AR, and it exhibited an inversely proportional relationship between
the negative peak and R,.-. This could be explained by the fact that R,,- mainly made impact on
the real part of the impedance in Tx. Due to the weak coupling coefficient and small Q factor
of the LC resonator, the impact of R,.-on Afr.s was nearly unchanged. According to this attribute,
Afres can be applied to make compensation for AR, against lift-off variations. As AR, curves

mainly responds the change in R,q-on its negative peaks, real-time feature extraction is vital in
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a field testing due to redundant and heavy data. Some advanced strategies can be adopted to

assist signal processing such as machine learning and deep learning.

6.4 Chapter Summary

This chapter describes the investigation of stability of WFM using differential LC resonant
sensors and software processing including KF and MMA algorithms, and signal readout and
analysis on the rotating testing platform. The research results indicated that differential
configurations of LC resonators, and KF and MMA significantly reduced the fluctuations of
signal due to external factors, such as temperature drift, and EMI noise. Based on the
improvement on hardware and software, a rotating testing was performed to study the signal
readout and characteristics at varying lift-off and R, Results indicated that AR, was in good
response to the change of R,.r, while Af.s kept almost unchanged. Lift-off variations led to the
changes in both AR, and Afyes, which meant that Af.; can measure the lift-off and compensate

the shift of AR, caused by lift-off variations.

The next chapter will conclude the thesis and outline the future work.
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Chapter 7. Conclusions and Future Work

7.1 Conclusions

Wheel-rail contact forces play a significant role in railway mechanical systems since they
determine the running safety and stability. The traditional method is using strain gauges which
are installed in wheel webs to conduct real-time measurement. Signals from strain gauges are
transmitted from a rotating component to a static component through the slip ring that is based
on electromagnetic induction. Although the way with strain gauges has high sensitivity, and
reliable results, the strict requirements including installation of strain gauges, hole drilling,
wired connection, complicated and expensive signal transmission systems restrict the
popularization in railway vehicles. Some new methods have also been attempted to realize
wireless WRCFM but there is still a need for seeking an alternative solution after taking the
cost, signal processing, and system complexity. Therefore, the work in this thesis aims to
investigate WFM based on LC resonance sensing whose goal is able to realize wireless

WRCFM.

The work is divided into four parts. The first part is to investigate WFM using LC resonance
sensing. It involves the design of LC resonance sensor, establishment of LDC1614-based
system, experimental set-up, and signal analysis. A rectangular LC resonance sensor was
designed to perform WFM on a C50 carbon steel using tensile testing machine. The
measurement principle is based on eddy current effects where electromagnetic properties of
materials, e.g. conductivity, and permeability, vary when under force. This variation in turn
changes the intensity of eddy currents, subsequently changing the equivalent inductance and
the resonant frequency. The relationship between the resonant frequency of the LC resonance
sensor and applied force was studied. Due to the operation at high frequencies, MHz levels, the
influence of permeability was ignored and only conductivity was used to analysed. The
repeatability tests, comparative analysis with strain gauges, and the aspect ratio of inductance
coil on the influence of sensitivity were conducted. Results showed that rectangular LC
resonance had a linear relationship with applied force and the smaller the aspect ratio, the larger

the measurement range, indicating the feasibility of using LC resonance sensing for WFM.

The second part is to separate the force and lift-off because both factors affect the output of the
LC resonance sensors and there might be an overlap in certain points, leading to
misinterpretation of the measured data. To address this issue, a multi-channel LDC1101-based
measurement system was developed which gave multi-parameter outputs including resonant

frequency and equivalent parallel resistance. Also, an orthogonal LC resonance sensor was
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designed which consisted of two LC resonance sensors in perpendicular, with one being parallel
while the other perpendicular to the specimen. Both were sensitive to lift-off but the one parallel
to the specimen had more sensitivity compared to the other as the force was applied along the
direction parallel to the specimen. The combination of the developed system and the orthogonal
LC resonance sensor provided 4 outputs, Frequencyl, R,1, Frequency2, and R,;. By observing
these four outputs, it was found that Frequencyl- Frequencyl, R,i-R,> characteristic curves
exhibited independence in lift-off and force changes. Specifically, the change in lift-off and
force presented a reverse trend which can be used for separation. Therefore, an 8-node
isoparametric coordinate transformation algorithm was proposed to perform lift-off and force
separation. It was based on two assumptions. The first was when the force remained constant,
regardless of the variation in lift-off, the force remained constant, and the second was when the
lift-off remained constant, regardless of the variation in force, the lift-off remained constant.
Results showed that the force and lift-off were separated effectively, with maximum relative

error of 22.61% for forces and 1.66% for lift-offs.

The third part is to extend the preceding study and enhance the lift-off and sensitivity since the
previous WFM was primarily based on eddy current effects in which the force was measured
by indirectly sensing the change in electromagnetic properties of the material under force. The
lift-off was limited within 2 mm. The combination of high sensitivity of semiconductor strain
gauge, mid-range transmission characteristic of MRC, and LDC1101-based measurement
system opened a novel path for WFM. This new method included two LC resonators with one
connecting to a SSG and installed on the test piece for force sensing (Rx) while the other was
connected to the LDC1101-based system for data transmission and measurement (Tx). When
the SSG was under force and its resistance changed, the impedance of the connected LC
resonator Rx changed. This change was coupled to the Tx via the reflected impedance, varying
the real part and imaginary part of the equivalent impedance, which was then measured by
resonant frequency and equivalent parallel resistance via the LDC1101-based system. Both
parallel-parallel (PP) and series-parallel (SP) topologies in the Rx were investigated. The results
presented that the sensitivity in R, exhibited a convex pattern, reaching the maximum sensitivity
5.5 Q/kN at a lift-off of 33 mm for the PP topology with a 350 Q SSG, due to critical coupling.
For the SP topology, this maximum sensitivity was observed at a lift-off of 10 mm. The
sensitivity near the critical coupling region tended to stabilize, which meant that operating the
Tx and Rx at this range can enhance robustness for R, measurement. However, f..s showed
exponential relationship as the lift-off. The proposed approach achieved WFM with improving

sensitivity at much higher lift-offs, up to tens of mm.
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The fourth part is to explore the signal stability against EMI and temperature interference and
investigate the signal readout and characteristic analysis at a rotating platform. A differential
configuration for LC resonators was proposed to reduce the influence of common disturbances,
which was combined with signal processing algorithms for further improvement in signal
quality. Results revealed that the LC resonators with the differential configuration and KF and
MMA algorithms significantly minimize the influence from the temperature change and EMI
noise. According to the enhancement in hardware and software, a rotating testing platform was
established to perform the signal readout and characteristic analysis at various lift-offs and R,
Results demonstrated that the change in lift-off led to the variations in both AR, and Afjes.
However, R, only altered AR,, manifesting a proportional relation between the negative peak
of Rvurand AR, while Afy.; remained almost unchanged. The reason for unaltered Afy.s could be
attributed to the small Q factor and high lift-offs as the LC resonators was customized in line
with the rotating platform. The research outcome also meant that Af.; can measure the lift-off

and compensate the shift of AR, caused by lift-off variations.

7.2 Future Work

Future work will move to the field testing for WRCFM. The proposed sensor and measurement
system will be installed in practical wheels. The installation position of LC sensors (Rx) can be
related to the simulation results showing in the Chapter 2, literature review of wheel-rail force
mechanism, the stress distribution on the wheel due to lateral and vertical forces. The bogie
frame will provide the installation positions for the measurement system and Tx. When Rx
rotates to align with the Tx, because of the magnetic coupling, the sensing information in Rx is
reflected to Tx. The force information can be decoupled according to the Tx signal, R, and fes.
As lift-off is the primary challenge for the practical application of LC resonance sensors, future
directions will be focused on compensation of the sensor output by adding one more lift-off
measurement sensor. In addition, some advanced signal processing algorithms including
machine learning and deep learning can be employed for feature extraction, force calibration,

and auto-compensation for the lift-off and misalignment.

As this thesis investigates only a single LC resonance sensor or a single SSG that measures
unidirectional forces, information regarding other directions is lacking, particularly for WRCEF,
which encompasses both lateral and vertical forces. Future studies will explore the use of
multiple sensors or sensor arrays oriented in various directions to enhance the measurement of

directional forces.
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Since the LC resonance sensors used in Chapter 3 and 4 measures an area to present force
information which could reduce force resolution and sensitivity, a double-D inductance coil
structure with concentrated and uniform eddy currents will offer a novel approach to enhancing

force measurement capability and directivity in future work.

The LC resonance sensors employed in this thesis are based on traditional PCB technology to
fabricate, which has restrictions in operation range and sensitivity. New materials, such as
nanotubes, graphene, and metamaterials, can be used in the fabrication of sensing elements,
further increasing the coupling distance and measurement sensitivity. In addition to inductive

or resistive sensors, capacitive sensors can be used to increase the diversity of sensor types.

Moreover, the LDC1101-ESP32S3 based measurement system owns a Wi-Fi module which can
be connected to the internet, transmitting real-time data to an IoT platform, and offering

visualization interfaces for running status of railway vehicles.
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